


ANNUAL REVIEW OF 
NUCLEAR SCIENCE 


EMILIO SEGRE, Editor 
University of California 


GERHART FRIEDLANDER, Associate Editor 
Brookhaven National Laboratory 


WALTER E. MEYERHOF, Associate Editor 
Stanford University 


VOLUME 11 


1961 


ANNUAL REVIEWS, INC. 
PALO ALTO, CALIFORNIA, U.S.A. 








ANNUAL REVIEWS, INC. 
PALO ALTO, CALIFORNIA, U.S.A. 


© 1961 BY ANNUAL REVIEWS, INC. 
ALL RIGHTS RESERVED 


Library of Congress Catalogue Number: 53-995 


FOREIGN AGENCY 


Maruzen Company, Limited 
6 Tori-Nichome Nihonbashi 
Tokyo 


PRINTED AND BOUND IN THE UNITED STATES OF AMERICA BY 
GEORGE BANTA COMPANY, INC. 





PREFACE 


This volume follows the pattern established in previous ones. We repeat 
a cordial invitation to our readers to suggest topics they would like to see 
reviewed. The Editorial Committee welcomes this cooperation. 

We gratefully thank all our contributors. The laborious task of writing 
good review articles should be considered as a distinct contribution to 
scientific welfare. 

We thank again Joann Huddleston for her indefatigable editorial help. 


E. SEGRE, Editor 








ERRATA 


Volume 10 (1960): 
p. 382 Eq. 38 read 


EX ok + o8) for 2 Git +209 
Eq. 40 read 
1.16 X 107EZ,{A(M1)ev for 2.76 X 10%E,%A(M1)ev 
Eq. 41 read 
1.04 X E,fA(El)ev for 2.50 X 10°E,A(El)ev 


p. 383 Eq. 42 read 
8.06 X 10*E,5A(E2)ev for 8.02 X 10*E,5A(E2)ev 
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I. INTRODUCTION 


In the 25 years since the theoretical prediction of the meson by Yukawa, 
it has not been possible in spite of great efforts to develop a satisfactory 
theory for a general description of the interactions of pi mesons and nucleons. 
The most promising approach today uses the method of dispersion relations 
(53) but is as yet restricted to the treatment of a few simple processes. In 
this method as in earlier ones the complexity of the mathematical formalism 
grows rapidly when one goes to higher energies (>1 Bev) and considers 
reactions with three or more particles in the final state. At present there is 
little hope that a quantitative theory of multiple-particle production based 


1 The survey of the literature pertaining to this review was completed in February 
1961. 

2 This work was done under an appointment supported by the International Co- 
operation Administration under the Visiting Research Scientists Program admin- 
istered by the National Academy of Sciences of the United States of America; and it 
was supported in part by the United States Air Force under Contract No. AF 49(638)- 
327 monitored by the AF-Office of Scientific Research of the Air Research and De- 
velopment Command and the Office of Naval Research under Contract No. r-222(60) 
(NR 041-221). 

’ Permanent address: Max-Planck-Institut fiir Physik und Astrophysik, Miinchen 
23/Germany. 
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on fundamental principles can be developed in the near future. Therefore, 
for a long time to come we shall have to use models of various kinds for the 
interpretation of experimental results on multiple-particle production. 

Inherent in the nature of such a model is its property of overemphasiz- 
ing certain aspects of the reaction and neglecting certain others. Since, to 
some extent, which aspects an author considers most significant depends on 
his personal taste, we are faced in this branch of physics with a large number 
of differing models (connected with the names of Bhabha, Fermi, Heisen- 
berg, Landau, Lewis, Oppenheimer, Wouthuyzen, and many others), each 
of which has at least some qualitative justification from experimentally ob- 
served facts. Most of these models are formulated for multiple-pion produc- 
tion in nucleon-nucleon collisions at extremely high energies. The basic 
assumptions of these models [apart from a recent one based on analogies to 
the Cherenkov effect (61, 62, 192)] and their interconnections were reviewed 
recently by Koba & Takagi (114) and earlier in somewhat more detail by 
Rozental & Chernavskii (170). 

In this article we shall restrict the discussion to the Fermi model and its 
various refinements because it is distinguished from the others by two im- 
portant features. 

(a) Its formulation is sufficiently general to allow an application to many 
different processes such as nucleon-antinucleon annihilation, and produc- 
tion of pions and strange particles in meson-nucleon and in nucleon-nucleon 
collisions. This generality is obtained because one starts with a general 
cross-section formula and inserts into it a simplifying assumption about the 
matrix element of the process, which amounts to saying that many features 
of these high-energy reactions are dominated by the density in phase space 
of the final states that are accessible from the given initial state under con- 
sideration of all conservation laws. For this reason the Fermi model is fre- 
quently called the ‘‘statistical model’’ or the “‘statistical theory.” 

(b) Preferably the Fermi model is to be applied in the “low’’-energy 
range (as compared with cosmic ray energies) between 1 or 2 and 30 Bev of 
laboratory energy and is thus of great interest in connection with the big 
accelerators. At the lower end of this energy range, the model becomes un- 
reliable because only a few final states are accessible and their details are 
important; at the higher end, deviations occur because of insufficient con- 
sideration of peripheral interactions. 


II. BASIC THEORETICAL IDEAS 
A. FORMULATION OF THE FERMI MODEL AND GENERAL SURVEY 


The general problem from the point of view of scattering theory.—Let i be a 
uniquely defined initial state describing the collision of two elementary 
particles with masses m’, and four-momenta‘ ’,=(w',, p’x), where 


* Throughout this paper we use units such that h=c=1. The scalar product of 
two four-vectors x= (xo, x) and y=(yo, y) is defined as xy=xoyo—x-y. For example 
p'P=w'? —p'2=m'2. 
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w'2=m'2+p',2 and k=1,2; then we obtain from S-matrix theory for the 
cross section of the reaction leading to any state out of a set ® of final 
states f (107): 





oD 





Ie Bee, 
~ ae anil p> O(Ey — 91 — 9's) | Mj; |? 1. 


Here P; is the total four-momentum in the final state f; and > stands for 
integration over continuous, and summation over discrete, variables. Denot- 
ing by J the unity operator, the matrix elements M;; can be related to the 
scattering matrix S by 


Sys = [ys + 4-84(Py — pls — 9!) Mgs . 


This is a rigorous formula; the matrix element M;;, however, is essentially 
unknown. The calculation of its numerical value is the as yet unsolved, basic 
problem of quantum field theory. Most of what we do know about Mj; fol- 
lows from its invariance with regard to certain groups of transformations 
such as translations, Lorentz transformations, and rotations in isotopic spin 
space. Each such invariance requires M;; to satisfy a corresponding con- 
servation law. We know that in all strong interactions the following quanti- 
ties are conserved: total four-momentum P, total angular momentum J 
(including spin), total isotopic spin T, total baryon number JN, total strange- 
ness S, and total electric charge, the latter being described as conservation 
of the three-component T; of the total isotopic spin. 
Therefore, M;; may be represented as 


My = dwn Oss ,57,,7,; > , x (f| J,T,a)bsy57 7M (a, a, J,T)J', T’, a’ | 4) 3. 
ad T a’.J'sT’ 


The unspecified quantum numbers a,a’ serve to make the states 
| Ni, S;, T3;, J’, T’, a’) and | Ny, Sy, Tsz, J, T, @) uniquely determined. All 
dynamical effects are now contained in the unknown matrix element 
M(a, a’, J, T). The transformation coefficients (f| oweg ee Oe @) ond 
Oe oe a’ |i) can be factored into an isotopic-spin-dependent part, 
which will be discussed in Section II F, and a second part, which can in 
principle be derived from the kinematics of the reaction. In practice, how- 
ever, this second part is never calculated. Since initial and final states are 
usually given in a momentum representation, one is forced by computational 
difficulties to neglect angular momentum conservation (see also p. 10). 
Introduction of the statistical hypothesis—The purpose of the statistical 
theory is to investigate the usefulness of certain simple assumptions about 
the dependence of M(a, a’, J, T) on the conserved quantities and on the 
masses, momenta, and quantum numbers of the final-state particles. To 
obtain reliable answers it is important to evaluate the contents of Equa- 
tions 1 and 3 as far as feasible without further approximations. However, to 
work out the essential points let us disregard for the moment all spins, 
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charges, etc., and all conservation laws except the one for total four-momen- 
tum. For o@ as given by 1 to be Lorentz-invariant, M;; must have the form 





, , 1/2 
mim 2°m "Me » 6&2 eo 2 & Mn 
My; -( — ) ~My; 4. 
ivan +9 +s tne 
where m1,°°**, M, and w1,°**, W@W, denote masses and energies of the 


particles in the final state and M’;; now depends only on Lorentz-invariant 
quantities. In the nonrelativistic limit we have M;;= M’;;. 
According to Fermi (76, 77) we may assume 


| M’;; |? « (24)~3@-DQr-1 5. 


where Q is a quantity of the dimensions of a volume that is independent of 
the individual momenta of particles in the final state, but is eventually 
dependent on the total center-of-mass energy E. The summations in 1 are 
thus greatly simplified; e.g., the cross section of the reaction, which leads 
from the given initial state to a final state with m particles with masses 





mi, °***, m, and nonspecified momenta, is proportional to 
o(E;m1, +++ ,mn) % P(E;m, ++ + , mn) = (2/V)"—-(V/8r*)""p(E, 0;m1,-++,mn) 6. 
where V is a large, but arbitrary normalization volume whose role will be- 
come clear later on and p(£, 0; m, +--+, m,) stands for the phase-space 
integral [Neuman (150), Srivastava & Sudarshan (179)] 
ps(E, P;mi, + + + , mn) 

= fa ane f 2, HW 5(z me Vii pa) 8 (P = >) 7 

@iWe* * * * "Wn i=l t=1 


Lepore, Neuman & Stuart (127; see also 145) proposed a theory based 
on somewhat different assumptions, that leads to phase-space integrals in 
which the denominator (w;-we + ::** w@,)~! in Equation 7 is replaced by 
(Witwer tt w,)~*/2, Earlier only phase-space integrals of the following 
form were considered 


pr(E, P;mi,+++*,mn) = f cee i (z -> Vin + Be) 5 (? _ a) 8. 
t=1 i=l 
which corresponds to My; ~ M’};. 

The latter version is used in all calculations before 1958 and in recent 
work at the CERN and Dubna laboratories, the ps version mainly by the 
Berkeley group in investigations of antinucleon annihilation. With the same 
Q the phase-space integral pg favors smaller average energies and higher 
multiplicities of the final particles than pr, but the use of a slightly larger 
Q in connection with pr may partly compensate these differences. Since the 
presently available numerical material is too scarce, a systematic compari- 
son is not possible. The numerical evaluation of pg is comparatively easy, 
because its Lorentz invariance permits the use of simple recurrence formulas 
(cf. Eq. 24 and 25); on the other hand, in view of the crude approximation 5, 
the property of Lorentz invariance by itself does not necessarily guarantee 
better agreement with experiment. 
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Relations 5 and 6 are interpreted as describing the following physical 
picture: To an observer in the center-of-mass system each of the two incom- 
ing particles appears to have the shape of a Lorentz-contracted sphere. At 
the moment of collision the two particles penetrate each other, and the 
total energy E of the system is concentrated in a small space region of vol- 
ume {2. Because of the strong interactions a rapid succession of transitions 
now sets in, particles of various kinds are created and annihilated, and if the 
total energy is sufficiently high, there will be a large number of possible final 
states and each one can be arrived at in a great many different ways. This 
circumstance suggests that some sort of statistical equilibrium will be at- 
tained, so that each state which is accessible from the given initial state via 
strong interactions will finally be excited to its average statistical strength. 
Transitions by electromagnetic or weak interactions are much too slow to 
contribute to the statistical equilibrium. Therefore, all final states involving 
the production of photons, electrons, muons, and neutrinos or violation of 
strangeness and isotopic spin conservation have to be dropped from the 
considerations. To be more specific, the system finally reaches a state in 
which it looks as if the m final particles could be considered as a gas of free 
particles confined to the large normalization volume V; i.e. the cross section 
of each final state should be proportional first to (Q/V)"—', the probability 
that all 2 particles will be found simultaneously assembled inside the volume® 
Q; second to the density (with regard to the total energy £) of final states in 
the phase space.* As was remarked by Fermi (76) this approach in a sense 
represents the extreme opposite of perturbation theory. 

According to this picture, 2 is assumed to be the volume of the larger of 
the two Lorentz-contracted spheres, which are occupied by the incoming 
particles. For all practical purposes, at least one of them will be a baryon or 
antibaryon, which as a result of its strong interaction with the pion field is 
surrounded by a pion cloud. The size of 2 will therefore be approximately 
determined by the pion Compton wavelength as 


Q = A-Q = A+ (4r/3y') 9. 
where yw is the pion mass and the Lorentz-contraction factor is given by 
(m’ > m’ ») 

A = m')/o') = 2m':E/(E? + m’;? — m’2”) 10. 
The justification of this factor is occasionally doubted and the factor com- 


5 The exponent m—1 instead of m indicates that the position of Q inside V is un- 
determined. Originally in 5 it followed from dimensional reasons, because the number 
of degrees of freedom of the final state is not 3n, but 3(m—1) because of three-mo- 
mentum conservation. 

® It is sometimes argued that the right-hand side of 6 is the phase-space density 
of final states for a system, which is enclosed in 2. Because the integrations in 7 and 8 
represent summations over the possible momentum eigenstates of free particles in 
infinite space, this argument is not correct; because of the extremely small size of 0, 
not even approximately. For further discussion of this point cf. Lewis (129, p. 243), 
Koba & Takagi (114, p. 27), and others (4, 118, 149). 
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pletely omitted or replaced by other E-dependent terms (150, 157). How- 
ever, the successful application of the Fermi model to pion-nucleon and 
nucleon-nucleon collisions at various energies supports Fermi’s original sug- 
gestion. As Fermi has already emphasized, Equation 9 is only an order-of- 
magnitude estimate, and in practice 2 should be looked at as a parameter 
which can be varied in certain limits to give best agreement with experi- 
ments. 

The simple physical picture described above has over the years been a 
constant source for refinements and implementations of the theory; on the 
other hand, it has been subject to a number of objections which outline its 
limits of validity: 

(a) A certain fraction of the collisions of the initial particles will be 
peripheral. Then, at first, only the overlap region of the two meson clouds 
will be excited. The time necessary for the excitation to propagate with the 
velocity of light to the outer edges of the particles (~~) is A“! times 
longer than the collision time (~A-y~'). For nucleon-nucleon collisions at 
29-Bev laboratory energy, we have A~!=4; for cosmic ray energies, A~! may 
be much larger. For large A~! it would be unreasonable to assume the phys- 
ical system will remain in Q until the whole volume is uniformly excited 
and an equilibrium established. Rather, one would expect two highly excited 
particles (‘‘fireballs’”) to emerge from the collision region. Evidence from 
cosmic ray events supports this point of view (cf. III D). 

(b) At extremely high energy densities the particle concept itself may 
become questionable because of continuous creation and reannihilation 
(166). One expects the energy concentration to expand like a fluid beyond 
the initial collision volume Q, until the energy density has become so low 
that the mean free path of a particle in the “fluid” is of the order of magni- 
tude of its range of interaction with other particles (e.g. one pion Compton 
wavelength). Only in this last stage does the assignment of definite particle 
numbers make sense. Pomeranchuk (166) suggests replacing 2"—! in Equa- 
tion 6 by (nQ)"—! to take the expansion stage cursorily into account. Alterna- 
tively, the agreement with experiment can be greatly improved by detailed 
consideration of all resonant final-state interactions that occur in the pion- 
nucleon, pion-hyperon, and pion-pion system (cf. II B). At very high ener- 
gies, where high multiplicities prevail, the expansion of the energy ‘‘fluid”’ 
can be described by the formalism of relativistic hydrodynamics [Landau 
(124); for further developments see (27)]. 

(c) The interactions of K mesons with other particles are somewhat 
weaker and of shorter range than the corresponding interactions of pions; 
moreover, K mesons probably originate closer to the nucleon core than 
pions. Strange particles will therefore not fully attain statistical equilibrium 
and their production will be less copious. As was first pointed out by Haber- 
Schaim & Yekutieli (94), such effects can be accounted for in an approxi- 
mate way by generalizing 5 and 9 to’ 


7 This ansatz seems to be more natural than the one used by Barashenkov et al. 
(12), which involves linear combinations of different volumes. Also compare Hagedorn 


(101). 
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where now the size of 29°” depends on the nature of the ith particle. It seems 
reasonable to use the same volume Q, for all pions and nucleons, the same 
volume Qy for all hyperons, and Qx for K mesons. In particular, the fol- 
lowing choices have been discussed: (1) 2,=Q9=47/3y', Qy=Q,, and 
0.1 <(Q«/2,) <0.3. This corresponds roughly to Gell-Mann’s_ global 
symmetry hypothesis and is the choice that gave best agreement with 
experimental data of various kinds. Earlier calculations using Qx = (u/mx)*Qo 
=0.02Q, where mx is the K-meson mass, led to an insufficient amount of 
K-meson production. For more detailed discussion see the papers by Bara- 
shenkov and co-workers (5, 11, 12, 14, 15, 144). (2) Q, =Q¢=4m/3y* and 
Qy =Q« = (u/mx)*Qo. This corresponds to weak pion-hyperon interaction"and 
greatly underestimates strange-particle production cross sections. (3) Q, 
=Qy =Qx =Qo, which represents the unmodified Fermi model and greatly 
overestimates strange-particle production. Figure 1 demonstrates the influ- 
ence of such assumptions on hyperon production and on the K/K ratio. 
Much more numerical material of this kind can be found in the articles of 
Hagedorn (98, 99). 

(d) Even though angular momentum conservation is neglected, the num- 
ber of spin states and the statistics of the produced particles must somehow 
be taken into consideration. As already proposed by Fermi (79), one adds to 
Equation 6 for the spins a factor []?.1(2s;+1), where s; is the spin of the 
ith particle and, to estimate the effects of statistics, another factor 
(na!ng!ny!- + - )~t indicating that among the final particles there are groups 
of Ma, Mg, Ny, * * * identical particles (ma+mg+n,+ +++ =m). Having intro- 
duced isotopic spin, all final-state particles belonging to the same isotopic 
multiplet form such a group; e.g., Ma, ”g, Ny might be the numbers of pions, 
nucleons, and antinucleons respectively. In an investigation which uses the 
correct statistics for each type of particles from the beginning, Magalinski & 
Terletskii (138) confirm this result. In addition, they find small correction 
terms (1 to 10 per cent in a special case discussed by them) which increase 
the statistical weights of Bose particles and decrease them for Fermi par- 
ticles. 

Scope of the model and a general formula——Collecting our above results 
we replace 6 by the more complete formula 


g (T) II (2s; + 1) n n-1i/n 
P(E;m, aoe Mx) - kykgkg : i=l II A-04) -p(E, 0; m1, eee »Mn) 
(2x3) = [Ta ta! fol ‘a 





In writing the weight factor gi,x.%, (T) we have anticipated a result following 
from isotopic spin conservation (cf. II F) and have assumed that the initial 
state is an eigenstate of total isotopic spin T and that we have summed over 
all possible charge distributions in the final state. Also we like to mention 
that resonant final-state interactions can be treated by assuming formation 
of isobars, which leave the interaction region and decay outside (for more 
details cf. II B). As far as expression 12 is concerned, isobars are treated 
just like elementary particles with their respective masses inserted into p. 
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The production volume for pion-nucleon and pion-pion isobars is usually 
chosen to be Q,; their decay must be considered in a second step. 

Now, what can the statistical model be expected to predict? It is clear 
from 11 that no absolute, but only relative, cross sections (i.e. branching 
ratios) can be calculated. If, however, some inelastic cross section (e.g., the 
total cross section excluding diffraction scattering) is known experimentally, 
all others (partial cross sections) can be related to it by the model. 

Many formulas like 12 can be written down; in particular, the momen- 
tum and Q-value distributions in the reaction channel leading to mi, - + -, mn 
are obtained essentially by omitting one or two momentum integrations, 
respectively, in evaluating p(E, 0; m, - - +, m,). The shape of these distri- 
butions is, of course, independent of the 2)“. In displaying experimental 
results one is often forced to combine the data from several reaction channels 
(e.g., because neutral particles escaped observation). In this situation, to 
compare with the model one has to combine the theoretical predictions from 
the same set of channels, weighing them with the P(E; m, +--+, mn) given 
by 12. In this way one can also derive mean multiplicities, mean kinetic 
energies, and other averaged quantities. Explicit formulas including proper 
normalization are given in the recent review by Hagedorn (101). Further- 
more, the model makes definite predictions for the energy dependence of 
branching ratios and all other quantities mentioned above. These seem to 
be, generally, in good agreement with experiment; however, in the future 
more detailed studies might serve to discriminate between ps and pr and to 
test the justification of the Lorentz-contraction factor A and the validity of 
various modifications of the original theory. 

Computational difficulties arise not only because the evaluation of the 
phase-space integrals becomes extremely complex with increasing particle 
number, but also because of the rapid increase of the number of final states 
with the total center-of-mass energy. For example, in the case of a nucleon- 
nucleon collision, the number of statistical weights (as given by 12) to be 
calculated is 10 at 2.75 Bev, 50 at 6.2 Bev, and 600 at 25 Bev (99). There- 
fore, at higher energies the use of electronic computers is an absolute neces- 
sity; even so, calculations become unfeasible at energies above 50 Bev (apart 
from limitations intrinsic to the model) so that other methods have to be 
used (cf. II E and III D). The general procedure and detailed programs for 
such calculations have been described in three reports by Hagedorn [(96, 
97); also cf. Hoang & Young (103)]. Another very general and versatile 
program is now being worked out in Berkeley by Lepore & Riddell (128). 

Taking our model literally, we would predict isotropy for all angular 
distributions. This prediction, however, cannot seriously be expected to be 
correct, because peripheral collisions were treated insufficiently, angular 
momentum conservation was neglected, and spins entered only through the 
weight factors [],(2s;+1). Just these things would have been most rele- 
vant.’ Because of the mathematical complexity of the problem, only quali- 


8 In Hagedorn’s derivation (99, 101), the M’; as given by 5 are not proper 
S-matrix elements, but averages of such over all angular coordinates. Thus, the pre- 
diction of angular distributions is expressly excluded. 
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tative indications are available for the effect of possible correction terms 
accounting for angular momentum conservation (76, 78). As shown below, 
the situation with regard to angular correlations is somewhat more hopeful. 

Formulation of the model in terms of spherical waves-——To account for 
selection rules in nucleon-antinucleon annihilation, the consideration of 
energy and angular momentum conservation at the expense of neglecting 
three-momentum conservation was recently attempted [Cook & Lepore 
(59), Koba (112)]. This reaction is particularly favorable because only spin- 
less particles are produced. One argues that each factor 2/V in 6 stands 
actually for Sal v(x) |*dx, where ¥(x) is the wave function of a spinless 
particle, normalized in V. This is clear in a momentum representation, 
where the W(x) are plane waves; in a description by spherical waves, how- 
ever, when we correlate the particles only through energy conservation and 
neglect three-momentum, we have to make the following replacement? in 
6 for each final particle. 


— f dp: => fo pap | r°*drdo | ji(pr) Yy™(w) |? - a 13. 


wT lm 
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where the j; are spherical Bessel functions and the Y;", spherical harmonics. 
To account for angular momentum conservation too, the wave function to 
be squared must describe the complete u-particle final state and must be an 
eigenfunction of total angular momentum L, and L,= M. Then we obtain, 
instead of 12, for the statistical weights (R is the radius of (p) :!° 


Beye ***(T) 20 


T]« ta! -y 


a A “ritdns fd + fo retre f don f “paps er J edpe 


5(E — wi —we—+++—wn) 14. 


P(E, L, M;m, sale Mn) = 


x EAL, M, h, A, ae b,-2, An-2; bn-1, In) 


a 


}2 
Yi,"1(w1)- eeee Vn (wn)j1,(piri) - she “Jin(Patn) 


The K, are composed of Clebsch-Gordan coefficients and describe the 
coupling of the individual angular momenta ];,---, J, to total angular 
momentum L; the quantum numbers Ai, - - - , An—2 distinguish the various 
ways in which this can be done. The summation }°z) extends over all pos- 
sible combinations J, - - + , Jn, A1, * * * , An—2- Using orthogonality properties, 
14 can then be reduced to 


-(T) Qn R R 
P(E, L, M;m, +++ ,mn) = Aha 4 — > f rydry ++ f tn*drn 
(L) “0 0 


a ql =” 
; f pidpi-+- f pn®d pad(E — wr — wx — + + + — wn) | jry(Pira)= + + + “fx, (Patn) |? 15. 
0 0 


® Since by neglect of three-momentum conservation there are 3” degrees of free- 
dom, we have as many factors 2/V as we have final particles. 
10 We may eventually insert additional energy-dependent factors as in Equation 4. 
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In this outline we have followed Koba’s (112) presentation, which differs 
in some details from that of Cook & Lepore (59). 

Angular correlations Similar ideas have been used by Goldhaber e¢ al. 
(90) to explain the angular correlations of pions emitted in nucleon-anti- 
nucleon annihilation. It is observed that pion pairs with like charges have 
greater preference for small angles than pion pairs with unlike charges (89), 
which is explained as an effect of Bose statistics causing a clustering of pions 
with like charges in states with similar momenta. Whereas so far statistics 
have entered only through the weight factor ( [[e”!)~, for the derivation 
of angular correlation functions the symmetry of the wave functions must 
be used explicitly. For example, for a pair of like pions we write (the nor- 
malization constant N is chosen so that $(x:, X2) is normalized in V). 


(x1, X2) = (/2- NV) {exp [ipixi + ipoxe] + exp [ipox: + ipixe]} 16. 


and with this we make the replacement 


2 2 i 2 

(2) fen fanlomoh= (2) [40S] 
where t=R| pi—ps| . From this the correlation functions are easily obtained. 
Various theoretical investigations—Despite different starting points, we 
find similarities in the final formulas when we compare Fermi’s statistical 
model to the bremsstrahlung theory of Lewis, Oppenheimer & Wouthuyzen 
(130). This connection has been investigated in the framework of S-matrix 
theory by numerous Japanese authors, whose work is briefly reviewed by 
Koba & Takagi (114). On the other hand, the problem of a consistent co- 
variant formulation of the Fermi model and of relativistic conservation 
theorems (e.g., angular momentum tensor) has been discussed by Neuman 

(150) from the viewpoint of the theory of the microcanonical ensemble. 








B. FINAt-STATE INTERACTIONS 


As the final particles emerge from the collision region and separate from 
each other, the long-range parts of the forces will make themselves felt. In 
particular, pion-nucleon, pion-hyperon, or pion-pion resonances will strongly 
influence the observed multiplicities and branching ratios. Such effects were 
predicted very early by Belinfante (32) and Peaslee (159) and found to be 
important from an analysis of the first experiments on multipie-meson 
production [Fowler ef al. (82}]. The original Fermi model disagreed strongly 
with these experiments but was improved by Kovacs (120), who supple- 
mented the Fermi matrix element, Equation 5, by a term that describes 
pion-nucleon scattering in the framework of the static theory of Chew 
& Low. This modification was derived for low energies and low multi- 
plicities (one or two) only. A mathematically much simpler proposal was 
made by Belenkii & Nikishov (30). They suggested that a resonating pion- 
nucleon system because of the small width of the J = T = 3 resonance at 195 
Mev behaves like a metastable particle N* (isobar) with a lifetime just long 
enough to allow escape from the reaction region 2. For the purposes of the 
statistical model, N* has to be treated just like an elementary particle with 
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spin 3, isospin 3, and mass 1.31 (nucleon masses), which decays later on into 
a nucleon (JV) and a pion." For example, in a nucleon-nucleon collision, one 
considers, as possible final states leading to production of m pions, 2N-+ nz, 
N+N*+(n—1)r, 2N*+(n—2)mr plus states with strange particle, anti- 
nucleon, and anti-isobar formation. In proton-proton collisions at 2.75 Bev 
(36), one observes a branching ratio (2N+m):(2N+27):(2N+32) of 
36:48:16 compared with 31:50:19 according to the statistical theory with 
isobars and 69:29:2 without isobars [Cerulus & Hagedorn (48)]. The isobar 
hypothesis is also strongly reflected in the calculated momentum spectra of 
secondary particles. 

Related to this is another model created by Lindenbaum & Sternheimer 
(131, 132), which differs from the modified statistical model in that pion pro- 
duction occurs exclusively through isobar formation and in that the de- 
tailed shape of the pion-nucleon J = T = } resonance enters [see also (125)]. 
Their model makes predictions on the production of one additional pion in 
pion-nucleon collisions and of one or two pions in nucleon-nucleon collisions. 
In the latter case the ratio of single to double production is an additional 
parameter. There is also room for various assumptions on the angular distri- 
butions for isobar production and decay. Most of the experimental material 
at energies below 3 Bev is being compared to this Lindenbaum-Sternheimer 
model instead of the modified statistical model, the agreement being moder- 
ately good, though some discrepancies seem to exist (50, 65). 

The question arises whether the higher resonances of the pion-nucleon 
system in the T= state at 600 Mev and 900 Mev have to be considered in 
such models. [For the appropriate generalization of the Lindenbaum-Stern- 
heimer model see (133).] Cerulus & Hagedorn (48, 98, 99) conclude from 
calculations for proton-proton collisions at 2.75, 6.2, and 25 Bev, using a 
statistical model with J=7=} isobar, that this is indeed unnecessary. 
Experimentally, a fairly weak effect of these resonances on the momentum 
spectra has been found only at energies higher than 2 Bev (51). In the meson- 
theoretic picture an explanation for this might be that the excitation of the 
isobars is effected by pion exchange, as a consequence of which the excita- 
tion cross section contains a factor (g?—y*)~*, where gq is the four-momentum 
transfer between the nucleons. The larger g?, the smaller this factor is, and 
it therefore tends to dampen the effect of higher resonances (176). Also, the 
resonances might be so broad that the lifetime of the isobars is too short to 
allow escape from the reaction region. 

Apart from resonant interactions, the possibility of final-state annihila- 
tion of nucleon-antinucleon pairs with small relative momenta (98, 99) and 
the possibility of deuteron formation from final-state neutron-proton pairs 
have been discussed. The latter is expected, if the attention is fixed on a par- 
ticular reaction channel, to enhance the meson production cross section near 


11 A similar proposal was made by Yamamoto (189). Pion-pion, pion-hyperon, and 
other resonances can be considered in the same fashion. In a later paper Belenkii (26) 
has given additional theoretical support to this picture. 
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the threshold of that channel (41). On the other hand, for the interpretation 
of observations made at the 25-Bev CERN accelerator (57, 58), the relative 
cross section for deuteron production in proton-proton collisions at that 
energy is needed. In a calculation by Hagedorn (100) which gave the right 
order of magnitude, the deuteron was treated like an elementary particle; 
however, in 12 the production volume 2) was assumed to be (Qo = 42/3y) 


1 1 
Qy(4) = Dy J, va|*dr ~ |Z M to MW 18. 


where ¥q is a Hulthén-type deuteron wave function with a hard core. This 
expression essentially reflects the small probability that the big deuteron 
can be squeezed into a volume as small as Qo. Schiff (175) confirmed this 
result by a more detailed treatment of the neutron-proton final-state inter- 
action [see also Ishida (105)]. 


C. INELASTICITY AND PERIPHERAL COLLISIONS 


The statistical model as such pertains only to completely inelastic col- 
lisions, in which the total available energy is supplied for the production of 
secondary particles. Most central collisions are of this type, but they consti- 
tute only a part of the actual events. As already mentioned, peripheral col- 
lisions at high energies are likely to result in the formation of two radiating 
centers moving along the original directions of the incoming particles. An 
important, but as yet not satisfactorily solved, problem is the description of 
events that lie in between these two extremes and the estimation of the rela- 
tive probabilities of the various types of collisions. 

If we define the inelasticity K of a nucleon-nucleon collision as the per- 
centage of total kinetic energy of the incoming nucleons in the center-of- 
mass system that is spent for production of secondary particles,” then we 
observe, experimentally, inelasticities of K=50+5 per cent throughout the 
laboratory energy range 3-10 Bev (38, 42, 63, 108, 185), while the statistical 
theory would predict, e.g. at 6.2 Bev, K =74 per cent (23). This discrepancy 
is also reflected in the fact that, at least at 6 Bev and above, experimentally 
observed nucleon momentum spectra are much more energetic, meson spec- 
tra much softer than those predicted by theory (cf. Fig. 6). Furthermore, 
the higher the energy, the more the angular distributions of nucleons and 
mesons become anisotropic with a peaking in the forward and backward 
directions (38, 108, 109). 

To get an indication of what fraction of the actual events the statistical 
model might be applicable to, v. Behr & Cerulus (23) assume that a nucleon- 
nucleon collision at 6.2 Bev results in either (a) a central collision describable 
by the statistical model, (b) excitation of one nucleon to an isobar in the 
J =T = state without changing the nucleon’s initial direction, or (c) exci- 
tation of both nucleons to such isobars. The relative probabilities of the 


12 Cosmic ray physicists use a different notion of inelasticity, namely, the fraction 
of kinetic energy of the primary particle in the laboratory system that is carried away 
by secondary particles. 
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three types of reaction are introduced as additional parameters. Assuming 
that about 50 per cent of all events are central collisions and the others 
peripheral, v. Behr & Cerulus can fit almost within the limits of error all 
available experimental data, including angular distributions (cf. Table I). 

The same problems for nucleon-nucleon collisions at 9 Bev were dis- 
cussed by Barashenkov et al. (8, 18, 19, 20) by means of a rough model with- 
out free parameters, which, however, overestimates the amount of central 
collisions and is difficult to reconcile with the observed low inelasticities.™ 
In this model, peripheral nucleon-nucleon collisions are viewed essentially 
as collisions between one of the nucleons and a pion in the cloud surrounding 
the other one, and their outcome is related, by using rough field-theoretical 
estimates on the momentum distribution in the pion cloud, to experimental 
data or to a statistical model for pion-nucleon collisions at a corresponding 
energy. Similar calculations, including pion-pion interactions, have been 
made for pion-nucleon collisions at 5 Bev and 6.8 Bev [Barashenkov (6, 
8, 9)]. A presumably better way to describe the physical picture outlined 
above is indicated by the recently much discussed field-theoretical approach 
based on the assumption of one-pion exchange, which explains many impor- 
tant features of such collisions at least qualitatively. Extensive references to 
most of the work in this direction can be found in the papers of Salzman & 
Salzman (174) and of Yajima et al. (187). 


D. METHODS FOR THE CALCULATION OF PHASE-SPACE INTEGRALS 


As soon as the first systematic attempts were made to compare the pre- 
dictions of the statistical theory and experimental data, it was realized 
that the use of approximate expressions for the phase-space integrals 
p(E, P; ms, +++, mn) (cf. Eqs. 7 and 8) may give quite misleading results. 
[Unpublished work by C. N. Yang & R. Christian, Brookhaven Cosmotron 
internal report, cited in (82, footnote 22).] 

In his original paper Fermi (76) treats heavy particles such as nucleons, 
K mesons as nonrelativistic [i.e., their total energy is given by M+(p?/2M)], 
and light particles such as pions as extreme-relativistic (i.e., essentially mass- 
less). He then argues that the kinetic energy is approximately equiparti- 
tioned among the various types of particles, that, consequently, the heavy 
particles have the largest momenta, and that it is therefore sufficient to as- 
sume momentum conservation only for them. This leads to the formula” 


PF, approx(E, 0; M,, sila ,M,, mi,° °° »Ms) 


(2r)""}- ILM: 


t=1 


> Ms: 


i=l 


3/2 


T3l2-(r-1)+3e-1 


T'(3/2-(r — 1) + 3s] 





é [8a]’- 


18 Another simple model, which deviates in the opposite direction, has been de- 
scribed by Hagedorn (101). 

4 An elegant derivation is given in Milburn’s review (145). Belenkii et al. (28, p. 
540) give a geometric interpretation. 
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where M; and m; are the masses of the nonrelativistic and the extreme-rela- 
tivistic particles, respectively, and T=E— }°;M; is the total kinetic energy. 
The case of nonrelativistic particles only follows from 19 by putting s=0; 
the case of extreme-relativistic particles only, by putting r=1 and M,=0.% 
Later, Lepore & Stuart (126; see also 145) and, independently, Rozental 
(169)* have shown that with neglect of momentum conservation for the 
extreme-relativistic particles, one greatly overestimates the weight of high 
multiplicities. Their result, rigorous in the extreme-relativistic limit, is® 


(2s — 1)(4s — 4)! (8x) 
24-1) [(2s — 1)!]? (3s — 4)! 


where the second part of the right-hand side is Fermi’s approximate expres- 
sion with momentum conservation cursorily taken into account by replac- 
ing, in 19, s>s—1. The deviation of expression 20 from the rigorous one 
is shown in Figure 2a. 

Milburn (145) has given explicit formulas for calculating exact numerical 
values of the phase-space integrals pr as given in 8 in a step-by-step calcula- 
tion for a case where one has a particle of mass M and up to three massless 
relativistic particles, a situation applicable in inelastic pion-nucleon scatter- 
ing. Also, Block (35) has reduced pr, for two, three, four, and five particles 
in the final state, to forms suitable for exact numerical evaluation by hand 
computation with only the restriction m=m, and m;=my». He also gives 
rigorous formulas for momentum spectra and Q-value distributions. These 
methods are, however, cumbersome in practice. 

It may be more advantageous to start out from another exact expression 
for pr, which was first given by Lepore & Stuart (126) :”” 


Et 20. 





PF, extr relat(E, 0; s) - 


F(E, 0; “ae * * * 5 Mn) = PF, extr selat(Z, 0; n) fnr(vi, sal fe Yn) 21 





[Qn — 1)!}*(3n — 4)! i _ 


ie thas ee § er ae a 


‘ 22. 
f~ da-ateia > aN Il H2(v;/a? — d?2) 
~~ 0 (a? — A*)* fi 
where v;=m;/E and H,®(s) is a Hankel function. The functions 
fn(v1, * + *, Mn) depend on the energy only through the ratios v;=m;/E. The 


remaining integrations in 22 are difficult because of essential singularities 
of the integrand in the complex a plane at +\.'* Maksimenko & Rozental 


4 Pion production may be kept in energetically feasible limits by the replacement 
T=E->; MRoT=E- >; M;— Dj m; in 19 and E>E— >>; m; in 20, which cor- 
responds to »/m;+p;?~m;+); instead of ~p; (126, 145). 

16 Rozental gives expressions also for nonvanishing total momentum P. 

17 A slightly simpler derivation in terms of the invariant singular functions 
A(z, uw?) and A(z, uw?) is found in (143) and in (28, App. III). 

18 Lepore & Riddell (128) recently carried out one more integration and developed 
methods to evaluate the last remaining integral on an electronic computer. 








rota. 


| 
; 
| 
} 








oan 


STATISTICAL METPODS 17 


(28, 143) therefore suggested a series expansion of f, (v1, * + * , Yn) in terms of 
v? and pv? Inv; [see also Maksimenko (139); Zastavenko (194, App.)]. The 
expressions for the coefficients are fairly complicated and may be found in the 
original papers. The first term in this expansion is 1, which gives the extreme- 
relativistic approximation 20. The series does not converge very well for 
large values of v; and for total kinetic energies T~ Zim; (even 10 to 15 
terms of the series are not sufficient), i.e., in the case when a nonrelativistic 
treatment of heavy particles (M;) might be a good approximation. The au- 
thors therefore give another series expansion for this region in powers of 
(E— > :M;/ >; M,), of which the first term is 19 [see in particular (28)]. 
This expansion corresponds to taking the convolution of two phase-space 
integrals, one for extreme-relativistic particles and one for nonrelativistic 
particles, with momentum conservation for all particles rigorously taken into 
account 


PF, mixea(E, 0; M;, a M,, — ,»Ms) 


= ff ae f a PF, extr relat( — €, —p; s) ‘PF, nonrelat(€, D; My, ‘=. M,) 


23. 


This is about the best one can do with such approximate expressions, the 
degree of validity of the approximation being shown on Figure 2b. 

Zastavenko (194) proposed a different method for exploiiing 22 that is 
particularly suited for low multiplicities. It consists first in calculating 
fa (xe) =fa(x, 0, 0, += +, 0), fx (x) =falx/2, 2/2, 0, ++, 0), + fa™(x) 
=f,(x/n, x/n,---+, */n) with the formulas of Maksimenko & Rozental 
(143) and second in an interpolation procedure to obtain f,(v1, - + +, Yn) for 
all other arguments. This method has been used in recent Russian work 
(18), and its accuracy is 5 per cent and better. 

Fialho (81), on the other hand, calculates (Eq. 22) by means of a saddle- 
point method similar to that used in statistical mechanics. By its very nature 
this procedure is most accurate for high multiplicities, but correction terms 
for low multiplicities are also worked out. The final numerical results then 
are identical with those of rigorous calculations on electronic computers. In 
Fialho’s method concepts like temperature, entropy, and free energy appear. 

As we saw earlier (cf. p. 7), the integral pr as given by 8 and 21, 22 
represents the phase-space density only when the particles obey Boltzmann 
statistics. To remove this limitation, Magalinskii & Terletskii (138) started 
from the appropriate microcanonical distributions and obtained general 
formulas for Fermi, Bose, and Boltzmann statistics with arbitrary total 
momentum of the system, which contain Eqs. 21, 22 as a special case and are 
useful in discussion of corrections to pr due to the use of the proper statistics. 

While all the work mentioned above is based on the Lepore-Stuart 
formula, Cerulus & Hagedorn (47) gave a detailed description of a Monte 
Carlo method for a direct evaluation of the phase-space integrals as given 
in 8. This method is particularly suited for electronic computers and can be 
coupled with other programs to yield all desirable information in a single 
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computer run (cf. p. 9). This Monte Carlo method is based essentially 
on random distribution of the available kinetic energy to the n final particles. 

Monte Carlo methods are also used in constructing ‘“‘random-stars”’ as 
proposed by Kopylov (116). From a set of random variables the momentum 
vectors of a possible event are reconstructed, and in this way a table of 
“stars’’ can be drawn up which represents the prediction of the statistical 
model and can be compared with actually observed events. By this method, 
quantities that are difficult to calculate otherwise, like angular correlations, 
can easily be compared with experiment; also, various assumptions concern- 
ing the matrix elements can be investigated. 

Finally, a word must be said about the covariant form of phase-space 
integrals (Eq. 7) introduced by Srivastava & Sudarshan (179). Because of 
Lorentz invariance they fulfill the condition 





ps(E, P; mi, +++, mn) = ps(/E? — P?,0; mz, + + + , mn) 24. 
and from this one obtains the recurrence relation 
ps(E, 0; mi, salt »Mn) 
on fess ana -ps(/ E? + m,? — 2E(mn? + pn®)?/2, 0;m1,°°° »Mn-1) 25. 


Contrary to the Fermi formulation, lower phase-space integrals for only zero 
total momentum enter into the recurrence formula, and this circumstance 
greatly facilitates numerical computations.!*?° 


E, THERMODYNAMIC APPROXIMATION 


As the energy which is available for the production of secondary particles 
increases, more and more final states become accessible and larger and larger 
numbers of particles will be produced, so that at very high energies computa- 
tions along the lines described above become unfeasibly long (cf. p. 9). 
Since, on the other hand, approximations to the phase-space integrals, which 
are valid for large m, become more and more useful [cf. Fialho (81)], Fermi 
(76) suggested that the formalism of thermodynamics might be used for the 
calculation of momentum spectra and the average multiplicities.24 One 
then asserts that after the collision the total energy E of the system is uni- 
formly distributed over the interaction volume A- Qo and the equilibrium 
state of the system is characterized by a certain temperature T (measured in 
units of the pion mass uz), which is determined from the equation 


E = A-Qer(T) + en(T) + ex(T) + --- 26. 


19 A paper by Yakovlev (188) on the details of such calculations contains several 
errors, as pointed out by Kopylov (117). 

2° Programs for an IBM 650 computer have been described by Hoang & Young 
(103). A more general program is being worked out by Lepore & Riddell (128). 

21 Neuman (150) discussed for some special cases the relation of this formalism to 
the methods described above. Cf. also the last paragraph of (138). 
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Here e,(T), en(T), ex(T), - - + denote the energy densities of the pion gas, 
the nucleon gas, the K-meson gas, etc., calculated from the formulas of 
relativistic thermodynamics with variable particle number (i.e., with particle 
creation and annihilation).22 Once the temperature T is known, the densities 
nx(T), nn(T), +++ of the pion gas, nucleon gas, etc., can be calculated and 
from this, the average multiplicities [AQo-",(T), ---] and the average 
energies [e,(T)/ns(T), - ++]. In doing so, a proper consideration of con- 
servation of charge, nucleon number, and strangeness is extremely impor- 
tant, especially at low temperatures (T ~), because it has great influence 
on the relative frequency with which various types of particles appear (25, 
27, 68, 111, 137). 

These methods applied to nucleon-antinucleon annihilation lead to al- 
most the same results as the formalism discussed earlier (large interaction 
volume, temperature u/T =1.4; cf. p. 23) (122, 186). However, for nucleon- 
nucleon collisions at high energies one obtains extremely high temperatures 
and, consequently, an unreasonably large proportion of strange particles, 
nucleons, and antinucleons among the secondary particles; and also the 
transverse momenta come out too large (39, 76, 122). All these difficulties 
can be avoided by assuming that the system undergoes, before its decay 
into the observed secondary particles, an expansion until a final temperature 
of u/T ~1.2 is reached (25, 27, 29, 68). This numerical value may be under- 
stood on the basis of a large pion-pion cross section (os, ~u~*) (110). 

A detailed theory for the expansion process has been worked out by Lan- 
dau et al. (2, 27, 29, 124) using the formalism of relativistic hydrodynamics. 
The expansion is mainly one-dimensional and in the direction of the primary 
particle, and it conserves the entropy of the system. Therefore, the average 
multiplicities and the transverse momenta can be determined from thermo- 
dynamical relations alone, while the angular distributions and longitudinal 
momentum spectra are strongly affected by the details of the hydrodynam- 
ical stage (cf. p. 33). For the rather complicated mathematical details we 
must refer to the original literature. The present status of this theory is de- 
scribed in the report by Feinberg (75). 


F. Isotopic Spin CONSERVATION AND ANALYSIS OF CHARGE STATES 


For simplicity let us assume that the initial state is a pure eigenstate of 
isotopic spin 7; and three-component 73;. (If this is not the case, calcula- 
tions have to be carried out for several values of total isotopic spin sepa- 
rately, and the results have to be weighed according to the weight of the 
various total isotopic spin eigenvalues in the initial state.) The reaction then 
can lead only to final states with the same quantum numbers. For the proba- 
bility to produce a final state containing m particles with masses m; and iso- 
topic spin ¢;(¢=1, 2,- ++, ), which are in an exact eigenstate of total iso- 


2 The basic formulas of relativistic thermodynamics are collected in (25, 27, 29). 
In connection with Equation 26 compare also footnote 6. 
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topic spin Ty and three-component 73;, we obtain according to 1, 3 and 
7 or 8 
P(E, T;, Tx; mah, iia »Mntn) 27 
© DO bnywirdsysi-bry7,;"Sra73;| M’(v, T,, mr, «+ + , mtn) |20(E, 0; mi, » * - , mn) 
” 
Here v distinguishes the various possibilities to form isotopic spin Ty, Ts, 
by vector addition of #:,---, t,. According to the statistical hypothesis, 
M'(v, T, m1, > + +, Mp) is assumed to be independent of v and T and to be 
given by 11. The summation over v then simply results in a weight factor 
Sijkgk, °° * (T), denoting the number of linearly independent eigenfunctions 
of total isotopic spin T and T; which can be formed from hk; particles of iso- 
topic spin 4 (nucleons, K mesons), ke particles of isotopic spin 1 (pions), ks 
particles of isotopic spin } (nucleon isobars), etc. (kitke+tks+ +++ =n). 
The weights gi,t.4, °° * (7) can be taken from published tables, which have 
been computed partly by using closed algebraic expressions (123, 191) or 
from recurrence formulas* (10). The principles for calculations as outlined 
above were first formulated by Fermi (79) [see also Yeivin (190)]. 

These weight factors are of use only for the calculation of the multiplic- 
ity distribution regardless of charge. Experimentally, however, this distri- 
bution is frequently not well known because of difficulties in detecting neu- 
tral particles; therefore, a comparison of theoretical and experimental prong 
distributions or even a detailed charge analysis is often much more informa- 
tive. Then we cannot characterize the final states f in Equations 1 and 3 
by a unique eigenvalue of total isotopic spin, but we must state which 
particles have which charge. From Equation 3 we then obtain 


| M";; |2 = bn,Ni*Osysj°5 7,7; ° 8 Tay 73," y df | Ty, v) |? | M'(», Ty, m1, i te ,Mn) fr 
s 28. 
+ do (f| Ty,v)(f| To)" M'(v, Ty, mi, + + +, mn) M'*(v', Ty, mi, + + + yma) 
voy’ 


vy Hy’ 


where again the initial state was assumed to be a pure isotopic spin state. 
The usual statistical model calculations assume, as above, the independence 
from v and T of the matrix elements M’(v, T, mi, - - + , mn) and neglect the 
second sum, which represents interference terms. The problem of calculating 
charge distributions thus essentially reduces to finding the values of the 
sums >.,|(f|Tv)|2. One way of doing this is by using Clebsch-Gordan 
coefficients. Cerulus (45) and Belenkii et al. (28) have thus calculated tables 
of the numerical values of these sums for all cases of practical interest.?4 
Alternatively, group-theoretical methods may be used to find general alge- 





23 Some misprints in the tables of Yeivin & De-Shalit (191) are corrected by 
Barashenkov & Barbashov (10). 

24 These two papers describe all details of the calculation, cf. in particular the ap- 
pendices of (28). We note that by summing the expressions ) | (f| T, v)| 2 over the 
various final charge states, one obtains the above defined weights gé,.%,--.(T). 
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braic expressions directly (46, 158, 164). [A partial result giving the weight 
of a system consisting of 7° mesons only has already been obtained by 
Goebel (88, App.).] For such considerations it is important how the set of 
quantum numbers p is chosen. In particular, for a many-pion system vy may 
characterize the permutation symmetry of the complete isotopic-spin wave 
function (3, 154). Belenkii e¢ al. (28, App. II) and Pais (158) emphasized 
that these symmetries may well have physical significance and that, because 
the charge distribution may be very different for different v’s (as can be seen 
from the numerous tables in these two papers), deviations from the statisti- 
cal model predictions may give hints on dynamical effects which eventually 
cause a preponderance of certain of these symmetries. In this connection, 
however, it should be remembered that the neglect of interference terms in 
28 may not always be a good approximation and may also be responsible 
for certain deviations. Some examples of this kind have been discussed by 
Nikishov (155), who points out, e.g., that such effects may cause deviations 
of the individual ++, r~, r° momentum spectra from the statistical model 
prediction, while all three spectra taken together are in good agreement. 


III. APPLICATIONS TO SPECIAL PROCESSES 
A. MESON PRODUCTION IN NUCLEON-ANTINUCLEON ANNIHILATION 


Annihilation at rest or at low kinetic energies is eminently well suited to 
testing the basic premises and the degree of validity of the statistical model 
since, on the one hand, a large amount of energy is provided for meson pro- 
duction, sufficient for the creation of up to 13 pions and, on the other hand, 
the process is particularly simple: only bosons are produced, it is 100 per 
cent inelastic, and there are no uncertainties with regard to Lorentz-con- 
traction factors. 

Experimentally this annihilation has been studied in emulsions [cf. the 
literature survey in (71)], in propane (1, 91, 102) and hydrogen bubble cham- 
bers (104, 135), both at rest and at appreciable kinetic energies of the inci- 
dent antiproton (up to 1.99 Bev/c, corresponding to a total energy of 2.42 
Bev in the center-of-mass system). Among the measured quantities to be 
compared with theoretical predictions, we have multiplicity distributions 
of pions, probability of K-meson production, prong distributions, momen- 
tum spectra, and angular correlations; and all these quantities are studied 
in their dependence on the energy of the incident antinucleons. 

The most striking features of the annihilation process are the observed 
high pion multiplicities (4.9+0.2 at rest) and the low probability for K- 
meson production (4+1 per cent at rest). Earlier statistical calculations 
(31, 86, 180) were improved by Barkas et al. (22) and Maksimenko (139) by 
using exact values for the phase-space integrals. The result is that with 
0, =Q« =Q)= (47 /3yu*), an average of 3.4 pions in each annihilation is pre- 
dicted, together with a K-meson pair in more than 40 per cent of all cases. 
By choosing Q, =Qx = 15, corresponding to a radius of 2.46yu7", at least the 
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pion multiplicity can be fitted, while one still obtains about 12 per cent 
probability for K-meson production. Almost identical results are obtained 
by using the thermodynamical formalism (122, 186). Although Equation 9 
is only an order-of-magnitude estimate, an interaction volume as large as 
15Q is hardly compatible with the most simple version of the physical pic- 
ture underlying the statistical model. 

Most proposals to explain or to avoid such a large volume are based in 
one way or another on the possibility of strong final-state pion-pion inter- 
actions. The simplest way is to follow Pomeranchuk [(166) cf. p. 6] and 
calculate the statistical weight of an n-particle final state with an effective 
volume Q=nQ, instead of Q=Q. As shown by Maksimenko (139) and 
Frautschi (84), the results depend sensitively on assumptions for the pos- 
sible K-meson-pion interaction.» Best agreement with experiment is ob- 
tained with the hypothesis that pions interact strongly with each other 
and weakly with K mesons, but both are produced in the same volume 
Q= (Sone+r)EQo, where +1 and n, is the number of produced pions. 
This method is related to Landau’s (27) picture in which one would assume 
an expansion after the annihilation proper, until the mean free path of the 
produced mesons has become larger than the linear dimensions of the sys- 
tem. Only then are the decay characteristics determined and can they be de- 
scribed in terms of a decay temperature T. Assuming strong pion-pion and 
pion-K-meson interaction with a total cross section close to the geometrical 
one (oy, =m’) [i.e. a picture similar to Frautschi’s (84) model P(c)], one 
obtains the estimate 1<(u/T)<2 and, in particular, with 4/T=1.4 (cor- 
responding to Q=15Q9) an average pion multiplicity of 5 and 8 per cent 
probability for K-meson production (122, 186). 

So far, the meson-meson cross section has been supposed only to be large 
(smooth or resonant). The particular case of a resonant interaction may be 
treated in the formalism of Belenkii & Nikishov (30). The predictions depend 
sensitively on the assumed spin and isotopic spin of the pion-pion isobar 
(93, Table IV). Current theoretical studies of the nucleon electromagnetic 
form-factor and of pion-nucleon scattering in the framework of dispersion 
theory (53) have strongly suggested the existence of a pion-pion resonance 
in the T=J=1 state at 4.5u total center-of-mass energy of the two-pion 
system. Assuming an isobar with these quantum numbers and mass 4y, and 
a reaction volume 2,=Q , Cerulus (44) obtained excellent agreement with 
experimental data [for similar results cf. (173)]. On the whole, the predic- 
tions of the isobar model are similar to those of the conventional Fermi 
model with large radius. For example, Agnew et al. (1) observed in 127 
hydrogen-like annihilations (events with K-meson production excluded) a 
ratio of 2-prong:4-prong:6-prong events of 42.5:52.8:4.7. Cerulus (44) cal- 
culated 45.9:52.0:2.1 from the isobar model and 35.8:56.7:7.5 from the 


2s From a comparison with Barkas et al. (22), Frautschi (84), and Cerulus (44), it 
seems that Maksimenko overestimates K-meson production. 
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conventional Fermi model with large volume (also cf. Fig. 3); his calcula- 
tions definitely favor an isobar of mass 4y over one of mass 3y. In the isobar 
model, K-meson production is satisfactorily described with Q«/Q2 9=0.5. The 
assumption of a T7=J=0 pion-pion isobar would give considerably poorer 
results [Eberle (69)]. Apart from the small differences in the prong and mul- 
tiplicity distributions, the isobar model predicts a small bump with a width 
determined by the lifetime of the pion-pion isobar at the upper end of the 
two-prong momentum spectrum, which can be detected only with accurate 
data. Also, characteristic differences are to be expected in Q-value distribu- 
tions (89, 165) and small-angle correlations of unlike pions (92, 141); as yet, 
however, no direct experimental evidence for the existence of an isobar has 
been found in this way. 

Cook & Lepore (59), neglecting three-momentum conservation, con- 
sidered the effects of angular momentum conservation and of selection rules, 
using a method described above (cf. p. 10; for their results cf. Fig. 3). The 
effects of selection rules were also studied by Desai (66) in the framework 
of the conventional Fermi model with large volume; however, some addi- 
tional assumptions are necessary to bring the selection rules into the play. 
While some influence on the pion multiplicity distribution is found, the prong 
distribution remains almost unaffected. 

The angular correlation functions, i.e., the distribution of angles enclosed 
by the momenta of all possible pion pairs, are, on the whole, quite well de- 
scribed by the statistical model (cf. Fig. 4). If, however, one selects pion pairs 
with like charges, deviations at small angles are observed (89). A correc- 
tion to account for the influence of Bose-Einstein statistics (cf. p. 11) would 
lie in the right direction, but would be large enough only for Q=(0.75°Q 
=0.43Q0, while Q=8Q» (covariant model) is required to obtain correct mul- 
tiplicities [Goldhaber et al. (90)]. Thus the situation here is still unsatis- 
factory. 

The data that were available at the time of the Rochester conference 
in 1960 (177) suggested that the pion multiplicity is almost independent of 
the momenta of the incoming antiprotons (measurements were made up to 
1.99 Bev/c antiproton laboratory momentum). A careful reanalysis, in par- 
ticular of K-meson events, revealed a slight increase of the pion multiplicity 
with antiproton momentum which, however, still might be a little less than 
predicted by the covariant statistical model (135). In any case, it does not 
seem advisable to drop the Lorentz-contraction factor from the calculation. 
No calculations of the energy dependence with the old noncovariant model 
have been published, though a comparison would be interesting, because the 
absence of energy denominators might favor higher momenta and lower 
multiplicities. Belenkii e¢ aJ. (28) claim an energy dependence of a multiplicity 
proportional to £}, where E is the total energy of the nucleon-antinucleon 
pair in the laboratory system. It is not clear, however, in what limits and 
with what accuracy this is to hold. 

The probability for annihilation with K-meson production was found to 
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Fic. 4. Distribution of the angles between pairs of pions, that have (a) like charges 
or (b) unlike charges, averaged over the multiplicities 4, 5, and 6 [Goldhaber et al. 
(90)]. The dashed line SM represents a statistical model prediction, which takes into 
account only angular correlations arising from conservation of four-momentum. The 
solid and the dashed-dotted lines include in addition the correlations due to Bose- 
Einstein statistics. Calculations were done with an interaction volume of radius 
ou; the maximum correlation effect was obtained for ¢=0.75. 


rise from 4+1 per cent at rest to 8+1 per cent at 1.05 Bev/c antiproton 
momentum (91, 102), while at the same time the pion multiplicity shows 
relatively little increase. Using the covariant theory the data can be fitted 
just within the limits of error by choosing 2, = 8Q) and Q¢/Q, =0.11, wherein 
it is important that the Lorentz-contraction factor A be included in the cal- 
culation. The momentum spectra of K mesons and of pions associated with 
K mesons agree fairly well with the model. 

A model, originally invented by Koba & Takeda (115; also cf. 84) to 
explain the large pion multiplicity, predicts a much lower increase of pion 
multiplicity with energy than the conventional Fermi model and might also 
explain the anisotropy of the pion angular distribution, which is observed 
to develop at higher energies with a peaking in the forward and backward 
directions (102). The model pictures the annihilation as a two-stage process: 
At first the nucleon core and the antinucleon core annihilate each other with 
emission of pions and K mesons; then the two meson clouds fly off, having 
lost their attracting centers. The first stage is described by statistical theory 
with an interaction volume of radius 2/3y, inferred from the Stanford electron 
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scattering experiments, and is assumed to occur much faster than a typical 
oscillation of the meson cloud, so that the meson clouds remain relatively 
undisturbed during the annihilation proper. The composition of the meson 
cloud is estimated from meson theory (e.g., from a static, intermediate 
coupling theory), a procedure which is subject to some uncertainty since 
the influence on the final state of the interaction between core pions and 
cloud pions, which is necessary to lift the cloud pions from their virtual 
states to the mass shell, is not accounted for by this method. 


B. MESON PRODUCTION IN PION-NUCLEON COLLISIONS 


This reaction has been investigated at various pion energies up to 16 
Bev. Near 1 Bev some features of the reaction, e.g. angular distributions, 
seem to change rapidly with energy, so that neither the statistical model 
nor the Lindenbaum-Sternheimer model can give a satisfactory description 
of all the finer details (163). These changes are not yet well understood, but 
they may be due to the influence of the T=4 resonances at 600 and 900 Mev 
in the pion-nucleon system. The possible effects of interference terms have 
been studied (33), and Lindenbaum & Sternheimer (133) investigated an 
extended isobar model including the 600-Mev and 900-Mev pion-nucleon 
resonances. Also, some evidence for a pion-pion resonance has been reported 
from an investigation of events with backward emission of the nucleon (162). 

At 1.37 Bev (70) we probably have more favorable conditions for the 
application of a purely statistical model. As is clear already from much lower 
energies, a strong influence of the J=T=# pion-nucleon resonance on the 
final state is present, which must be taken into account in any statistical cal- 
culation. This becomes clear from Table II, where we have compared a cal- 
culation by Milburn (145), which neglects this resonance, with one by 
Nikishov (152), which includes isobar production by using the formalism of 
Belenkii & Nikishov (30). 

Nikishov’s pion momentum spectra show a characteristic two-peak struc- 
ture similar to those of the Lindenbaum-Sternheimer model. 

Most of the theoretical work, however, has concentrated on the energy 
region of 4.5 to 5 Bev (136, 183) because it is sufficiently high above the 
threshold for multiple production so that many final states are accessible 
and all assumptions of the statistical theory seem to be fulfilled. The work of 
Nikishov (153), containing a detailed charge analysis and treating pions as 
extreme-relativistic particles, and more rigorous calculations by Maksimenko 
(140) led to satisfactory agreement with experiment (cf. Table II). This in- 
cludes momentum spectra, too, e.g., the predicted average momentum of 
charged secondary pions is 0.55 Bev/c compared with the measured value 
0.54 Bev/c. The corresponding numbers for secondary protons are 0.75 
Bev/c and 0.74 Bev/c. Such close agreement is the more remarkable as the 
angular distributions deviate sharply from isotropy. Nucleons are emitted 


* Milburn used exact values for the phase-space integrals and thus improved the 
first calculations for this process, made by Fermi (76, 80). For a calculation including 
a pion-pion resonance cf. Ruskin (172). 
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TABLE II 


RELATIVE FREQUENCIES OF PRONG DISTRIBUTIONS IN PION-NUCLEON COLLISIONS 














Observed Experi- Theory Theory 
charged mental with without 
particles data isobar isobar 
1.37 Bev (m-+P)e1 0.11 0.15 0.27 
a-Proton collisions (7-+P)inei 0.35 0.29 0.30 
[Eisberg et al. (70)| atta 0.50 0.50 0.39 
at+2a-+p 0.04 0.06 0.04 
5 Bev 2-prong 0.58 0.60 0.66 
m~-Proton collisions 4-prong 0.40 0.37 0.33 
[Maenchen et al. (136) ] 6-prong 0.02 0.03 0.01 





(x-+)e1 denotes incoherent elastic scattering (i.e., diffraction scattering ex- 
cluded). Columns 4 and 5 give the result of a statistical theory with and without con- 
sideration of final-state pion-nucleon interaction through the J=7=% resonance. 
The theoretical data at 1.37 Bev come from Nikishov (152) and Milburn (145); the 
latter recalculated for a volume with a radius of one pion Compton wavelength. The 
data at 5 Bev come from Maksimenko (140). 


preferentially in the backward, pions in the forward, directions. This cir- 
cumstance suggests that a great fraction of the incident pions collides with 
the meson cloud of the nucleon, thus demonstrating a sizable pion-pion inter- 
action.2” Barashenkov (6) estimates that at least 20 to 30 per cent of the 
total inelastic cross section must be ascribed to such peripheral collisions 
to explain the asymmetry of the nucleon and meson emission; the estimate 
is based on the assumption of a certain momentum distribution of the pions 
in the cloud. 

Similar observations are made in experiments at 7 Bev (161). Again, 
prong distribution, mean number of charged particles, and the pion momen- 
tum spectrum are in excellent agreement with the statistical theory, the 
calculated proton momentum spectra are somewhat too soft, and the angu- 
lar asymmetries have become even more marked. Barashenkov (9) finds, 
comparing all these data to theory, that at least 55 per cent of the total 
cross section must now be peripheral to explain the angular asymmetry. 

It thus appears that the good agreement of the statistical model with 
some of the experimental observations is due to a balance of the neglect of 
pion-pion interaction and the neglect of peripheral collisions (8, 9). It would 
seem desirable to invent a more detailed model into which a pion-pion inter- 
action is built explicitly. However, simply to add production of pion-pion 
isobars to the above statistical calculations would be too simple a proposal, 


27 Certain similarities, e.g. angular asymmetries, are found in multiple-pion photo- 
production. [Cf. (52), where comparisons with phase-space predictions can be found. | 
The J=T=$ pion-nucleon resonance has a large influence, but the energies (<1 
Bev) may still be too low to justify the assumptions of the statistical model. 
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which would lead to too high pion multiplicities and considerably worsen the 
agreement with experiment (8, 9, 17, 171, 172, 173). 

Finally, let us discuss strange-particle production. The predictions will 
depend sensitively on what choice is made for the production volumes Q,, 
Qx, and Qy (cf. the discussion on p. 6). Barashenkov & Maltsev (14) have 
worked out in great detail the consequences of the three choices (1), (2), 
(3) (cf. p. 7) for x-p and m*> collisions at 5 and 7 Bev. However, because 
of the limited statistics available, a comparison with experiment is difficult. 
By carrying out a charge analysis for m~ collisions at 5 Bev, Mikhul (144) 
found probabilities of 3.34 and 0.66 per cent for K+ and K~ production, 
respectively, according to hypothesis (1) with Qc =(u/mx)*Qo, and proba- 
bilities of 0.40 and 0.74 per cent with hypothesis (2), compared with the ex- 
perimental values 2.841.2 and 1.2+0.6 per cent, respectively (34). At 7 
Bev the neutral hyperon and the K-meson pair production cross sections 
have been measured as o( Y°K)=0.8+0.25 mb and o(KK) =1.2+0.3 mb 
(178). Their ratio ¢( ¥Y°K)/o(KK) =0.7 +0.2 may be used to fix the value of 
Q«/Qy. One finds Q«/Qy =0.25 +0.07; i.e., with Qy =Q, [hypothesis (1)] a 
similar value is obtained for Qx/Q, as in the case of antinucleon annihilation. 
[With Qx¢ = (u/mx)*Qo one would have o( Y°K)/o(KK) =7.5.] Ruskin & Usik 
(171, 173, cf. also 8, 17) tried to avoid the use of different production volumes 
by introducing a pion-pion resonance, thus enlarging the statistical weight 
for pion production relative to strange-particle production. The results, how- 
ever are not too promising. 

Figure 5 summarizes some characteristic data for inelastic pion-nucleon 
collisions over the whole energy range that is accessible today. 


C. MESON PRODUCTION IN NUCLEON-NUCLEON 
COLLISIONS AT ENERGIES BELOW 30 BEV 


The cloud chamber experiments performed by Fowler et al. (82) on 
inelastic neutron-proton interactions at energies up to 2.2 Bev established 
the existence of multiple-meson production for the first time on the basis of 
evidence other than cosmic ray data. Although the neutron beam had a 
considerable energy spread and little was known about its spectrum, the 
strong influence on the final state of the J=7= 3 pion-nucleon resonance 
was clearly demonstrated, as had been predicted by Belinfante (32) and 
Peaslee (159). The resulting sharp disagreement with the statistical theory 
as originally formulated by Fermi (76) led to the proposals of Belenkii & 
Nikishov (30)—production of nucleon isobars according to statistical laws— 
which we discussed in detail in Section II B [also cf. (142, 151)]. Multiplic- 
ity distributions observed in proton-proton interactions (with well-defined 
beam energy) at 0.8, 1.5, 2.75, and 3.0 Bev (49, 83, 184, 193) agree well with 
the predictions of the thus-modified model [Maksimenko (140); Cerulus & 
Hagedorn (48) also calculate momentum spectra for 2.75 Bev.]. 

Alternatively, experiments in this energy region may be interpreted in 
terms of the Lindenbaum-Sternheimer model (131), which assumes pion 
production to occur exclusively via isobar formation. The not too abundant 
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Fic. 5. Average number of charged secondary particles and of two-prong and 
four-prong events in x~-proton collisions at various energies. The solid curve repre- 
sents a statistical model, which includes the J=T= 3 pion-nucleon isobar [Bara- 
shenkov (7)]; the points at 6.8 Bev are taken from Petrzilka (161)]. 


data previously available were in reasonable agreement with this model, 
especially at lower energies, where only a single nucleon can be excited to an 
isobar state. However, a more recent experiment at 1.6 Bev (50) failed, in 
spite of a sizable fraction of double-meson production events, to exhibit one 
peak in the proton momentum distribution, which is caused by excitation of 
two isobars. The latter process would be the only one in this model that 
can lead to double-meson production,”* whereas in the statistical theory most 
of the double production would occur through formation of one isobar and 
direct production of the other pion. According to the statistical model, at 
2.75 Bev only 15.4 per cent of the total cross section for meson production is 
due to formation of one or two isobars without direct pion production, 34.2 
per cent is due to direct meson production without isobar formation, and 
50.4 per cent is due to simultaneous direct production and isobar formation 
[Cerulus & Hagedorn (48), Table I; see also (140)]. 

Comparing experimental data around 6 Bev (63, 108, 168, 185) with 
Hagedorn’s (98) detailed theoretical analysis, we find that even though iso- 


28 The influence of higher pion-nucleon resonances seems to be small at this energy. 
According to the extended isobar model (133), these resonances would open new chan- 
nels for double-meson production. 
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bar formation has been included, the theory predicts too high values for the 
pion momenta, too low values for the proton momenta (cf. Table I); in 
addition, the observed anisotropy of nucleons and pions with a peaking in 
the forward and backward directions remains unexplained. According to 
theory, 74 per cent of the kinetic energy available in the center-of-mass sys- 
tem should be spent for meson production; experimentally one finds 49+5 
per cent. Only the mean multiplicities and the mean prong number are 
predicted in approximate agreement with the experimental numbers. Hage- 
dorn assumed all collisions to be central, whereas the above results suggest 
that peripheral collisions play a vital role. Indeed, assuming that only 50 
per cent of all collisions are central, the others peripheral, a phenomenologi- 
cal calculation made by v. Behr & Cerulus (23), the principles of which are 
described in Section II C, led to agreement with all available data. The 
authors also discussed whether or not the formation of pion-pion isobars 
should be assumed in the calculation of the central collision part, but because 
of the wide experimental errors they could not come to an unambiguous 
decision. 

The same features listed above persist at 9 Bev and become even more 
pronounced (21, 38) (cf. Fig. 6). [For extensive references to experimental 
work, cf. Barashenkov et al. (18, 20) and Bogachev et al. (37, 38). For a sur- 
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Fic. 6. Center-of-mass momentum spectra of secondary particles in proton-proton 
collisions at 9 Bev. The theoretical curves (dotted lines nucleons and = hyperons 
respectively) represent a statistical model without accounting for peripheral inter- 
actions; the experimental histograms are for pions and nucleons, respectively [Bara- 
shenkov, Maltsev & Wang Pei (21)]. 











32 KRETZSCHMAR 


vey of data at all energies up to 9 Bev cf. Barashenkov (7).] The two-prong 
events are much more frequent, many-prong events are somewhat less fre- 
quent than predicted by theory, and, in particular, low-multiplicity events 
are generally associated with the largest anisotropies (forward and backward 
peaking) (18, 19, 20). Earlier statistical calculations in terms of central col- 
lisions only (11, 13) had to be revised, therefore, to allow for peripheral inter- 
actions too. Because of the rough theoretical method (cf. p. 14) no quantita- 
tive agreement could be obtained. It is, however, interesting that the charge 
asymmetry observed in proton-neutron interactions (the proton tends to 
keep its charge) can be understood on the assumption that in a peripheral 
collision the nucleons are excited to the J/= T= state and continue their 
flight in their original direction of motion (20). 

Hagedorn’s (99) theoretical predictions for collisions at 25 Bev were 
highly useful for planning the experiments. The available data are still 
scarce. The pion and y-ray (from 7° decay) energy spectra are in fair agree- 
ment with the theoretical curves of v. Behr & Hagedorn (24) at small angles 
(0° to 6°) in the laboratory system; deviations occur at larger angles (16°) 
and again show the importance of peripheral collisions (57, 64). A mean 
multiplicity of charged secondary particles of 4.1+0.6 was observed in 
proton-free-proton collisions at 22.6 Bev (60) compared with the theoretical 
value of 4.7 at 25 Bev. As in the case of pion-nucleon collisions, it again 
seems that as far as integrated quantities like mean multiplicities are con- 
cerned, the neglect of pion-pion interactions and further resonances makes 
up for the neglect of peripheral collisions. 

Some remarks on the predicted rate of antiproton production are ap- 
propriate. Hagedorn (98, 99) calculated a ratio of antiproton: m~ mesons of 
10-5 at 6.2 Bev and approximately 107 at 25 Bev. In doing so, he allowed 
for final-state annihilation of those antinucleons, which were produced with 
small momentum relative to one of the three final nucleons. [A detailed 
description of this procedure is given in (98), cf. especially Appendix II.] 
This correction reduced the antinucleon yield by a factor of 4 at 6.2 Bev and 
by only a factor of $ at 25 Bev (because here antinucleons are produced with 
higher kinetic energies). The predicted ratio at 25 Bev is larger by a factor 
of 10 to 400 than the ratio observed in recent experiments at CERN (57). 
This may be partly due to the use of metal targets instead of hydrogen, but 
it is doubtful that the whole effect can be explained by annihilation of the 
missing antiprotons with other nucleons in the target nucleus, since no de- 
pendence on the atomic weight of the target is observed. 

At 25 Bev also, a sizable fraction of high-energy deuterons and smaller 
amounts of H® and He® have been observed (57). The deuteron production 
(at least its order of magnitude) can be understood on the basis of a statisti- 
cal model with final-state nucleon-nucleon interaction (100) (cf. p. 13); the 
same holds true in principle for H* and He’, if antinucleons are created simul- 
taneously. The experimental situation, however, needs further clarification 
—in particular, by use of hydrogen targets—before more detailed conclu- 
sions can be drawn. 
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Little is known about strange-particle production. The theoretical pre- 
diction using hypothesis (1) (cf. p. 7) of 4.6 per cent probability for hyperon 
production (1.2 mb) in nucleon-nucleon collisions at 3 Bev [Barashenkov 
et al. (15, 16)] is too high by an order of magnitude if the recent measure- 
ment of 130+30 ub (134) is correct.2® At 3 Bev one is not much above the 
strange-particle production threshold and therefore, presumably, the statisti- 
cal assumptions are not yet applicable. Barashenkov et al. have also made 
predictions for 5 Bev (12) and for 7 and 10 Bev (11), Hagedorn for 6.2 Bev 
(98); however, no good experimental data are available for comparison. For 
25 Bev the existing experimental evidence indicates agreement with Hage- 
dorn’s (99) calculations at least insofar as the ratios K+:m+ and K~:a7 at 
various laboratory angles are concerned (57, 64). In these calculations hy- 
pothesis (1) was used with Qy =Q, and Q, =0.20,, which led also to good 
agreement for nucleon-antinucleon annihilation and pion-nucleon collisions. 
However, in this experiment some of the observed K mesons may have been 
created by secondary collisions within the target nucleus. 


D. MESON PRODUCTION IN NUCLEON-NUCLEON COLLISIONS 
AT Cosmic Ray ENERGIES 


Meson production in cosmic ray events is a phenomenon of considerable 
complexity, and an adequate coverage is beyond the scope of this article. 
We restrict ourselves to a few outstanding facts. 

The experimental situation in this field was summarized recently by 
Powell et al. (160, 167). As for the theory, it is evident that the simple 
thermodynamical model proposed by Fermi (76) (cf. Sect. II E) is quite in- 
adequate for the description of experimental details; at best it can roughly 
reproduce the dependence of the mean energy of the emitted mesons on the 
primary nucleon energy (122). A subsequent version (78) incorporating 
angular momentum conservation has been criticized on theoretical (cf. p. 6) 
and experimental grounds (e.g., the degree of anisotropy of the predicted 
angular distribution of shower particles is much too small). Some of these 
difficulties are avoided in the theory of Landau (27, 124) (cf. Sect. II E). Here 
the predicted increase with primary energy of the average anisotropy of the 
angular distributions is in fair agreement with experiment (55, 160). Also, 
the observed low transverse momenta and their independence from primary 
energy can be accounted for, if the hydrodynamical treatment is restricted 
to the one-dimensional expansion of the system in the direction of the pri- 
mary particle so that transverse momenta arise solely from thermal motion 
and are determined by the decay temperature 7; [1 <(u/T:] <2) (39, 146, 
147). In accordance with observation, the theory predicts that a few particles 
emitted in the forward direction carry away most of the primary energy 
(the first and second particles carry 58 and 22 per cent of the primary energy 
at 1000 Bev, and 33 and 15 per cent, respectively, at 10’ Bev) (106). Most of 
these fast particles are nucleons, which may theoretically be explained by 


® Earlier calculations (40, 95, 119) did not consider strangeness conservation and 
used approximate expressions for the phase-space integrals. 
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the somewhat singular role that they play in the hydrodynamical expansion 
process (72). For further details cf. the review articles of Feinberg (75) and 
Koba & Takagi (114). 

There are, however, a number of experimental facts which contradict this 
theory. For example, it predicts the emission of about equal numbers of 
particles in the forward and backward directions in the center-of-mass sys- 
tem; and until recently the assumption that this prediction was correct had 
been used, among others, as a criterion for determinating the primary en- 
ergy. This may be misleading; in fact, a new method for direct determination 
of the primary energy made it possible to show that in the region of several 
hundred Bev the above forward-backward symmetry is observed only in 
about 50 per cent of the events, the others showing emission mainly in the 
forward, or mainly in the backward, direction (67). A study of the inelastici- 
ties revealed that the asymmetric events may be explained as peripheral col- 
lisions of one of the nucleons with a meson in the cloud of the other one. 
These observations, as well as the great fluctuation of the multiplicities at a 
given energy, suggest that the hydrodynamical theory cannot be used as a 
description of every single event, but only as a phenomenological model to 
derive average values for some of the observed quantities. Eventually one 
must restrict oneself to only such events as might be the outcome of central 
collisions and use different models for peripheral interactions. 

Among these the so-called ‘‘two-center’”’ models have been most thor- 
oughly discussed. Here it is assumed, as already suggested on p. 6, that 
after the collision two highly excited meson-emitting centers fly away, in the 
center-of-mass system, in opposite directions parallel to that of the primary 
particle. In the first such models (74, 111, 113, 121, 181) the emitting cen- 
ters were considered to be excited nucleons which decay isotropically in their 
own rest systems according to statistical (or thermodynamical) laws or 
simply by emission of mesons of a single momentum. The details of the de- 
cay process are relatively unimportant, since the main features of these 
models are determined by the kinematics of the two independent emitting 
centers. One obtains definite relations among the degree of anisotropy, the 
multiplicity, and the inelasticity. Experimentally, in particular at energies 
above 1000 Bev, one finds clear evidence, from the absence of particles 
emitted near 90°, for a division of the emitted particles into two groups, 
with an angular distribution consistent with the assumption of emission 
from two independent centers. In general, however, the degree of anisotropy 
is such that according to the excited nucleon model, the nucleon had to 
travel rather slowly and, consequently, to be very highly excited, which would 
result in multiplicities much larger than the observed ones. Likewise the oc- 
currence of very-high-energy nucleons would not be accounted for. It was 
therefore suggested (54, 55, 56, 156) that as a result of the collision the 
meson clouds of the nucleons are highly excited and then break off, travelling 
slowly behind the nucleons, which continue their path with very high veloc- 
ity. The secondary mesons would then originate from decay of the excited 
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meson clouds; also forward-backward asymmetries would be easily under- 
standable. A large part, but not all, of the experimental material is consistent 
with this model. [Further aspects are discussed in (43, 85, 87, 148, 182, 187).] 
It should be mentioned that the hydrodynamical model could also produce, 
at not too high energies (<10‘ Bev), the two-hump structure of the angular 
distributions, which is characteristic for the two-center models, by assuming 
fluctuations in the size of the interaction volume or in the decay tempera- 
ture (73). 
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STRONG INTERACTIONS AND REACTIONS OF 
HYPERONS AND HEAVY MESONS 


By G. MorpurRGO 


Istituto di Fisica dell’ Universita di Firenze, 
Istituio Nazionale di Fisica Nucleare-Sottosezione di Firenze, Italy 


1. INTRODUCTION 


The purpose of this article is to review the large amount of work in the 
field covered by the above title during the last few years, a work which has 
been accompanied by relatively little progress in understanding. 

The expression ‘‘little progress’ here refers to the sad fact that we are 
still unable to make specific predictions on the strong strange-particle reac- 
tions, except for those predictions which follow from the general principles of 
quantum mechanics (in particular from the theory of nuclear reactions) and 
from some well-established conservation laws. 

Foreseeing future developments is difficult, but it becomes more and 
more apparent that the study of the strong interactions of elementary 
particles is likely to proceed for a while along phenomenological lines similar 
in many respects to those of the physics of nuclear reactions. Indeed, on one 
hand, ambitious attempts to find a simple description incorporating high 
symmetries (attempts guided by the idea that, after all, we should be deal- 
ing with simple or “‘elementary’”’ phenomena) have not led to positive re- 
sults. On the other hand, no definite dynamical prediction is possible as yet 
for any of the strange-particle strong reactions. The most recent techniques, 
based on the study of the analytical properties of the S matrix, may change 
this situation; however, they have not yet changed it and the question of 
whether such techniques will evolve into a general method where many 
different processes are predicted with a clearly defined approximation in 
terms of a few parameters is a question the answer to which is highly prob- 
lematical. 

In this review we shall consider symmetry problems first and next the 
dynamical problems, discussion of which we shall essentially limit to the 
phenomenological treatment of the K~ reactions at low energy, which is 
certainly the process that has received the greater amount of attention in 
the last few years. As far as the symmetry properties are concerned, we shall 
consider: (a) the experiments proposed to determine the relative parities of the 
strange particles, (b) those speculations in which some new kind of symmetry 
is postulated, and (c) the problem of parity conservation of the strong inter- 
actions. 

The period from the beginning of 1958 to the end of 1960 is surveyed; 
several review articles (1 to 5) appeared before this period and one (6) during 
it. We have also been greatly helped by the reports of the Geneva (7a, b), 
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Kiev (8a, b), and Rochester conferences (9a, b, c); also reference (10) can 
be consulted usefully. 

It must be stressed that it has not been possible to illustrate the main 
problems and, at the same time, to give a detailed list of cross sections and 
a discussion of all the reactions involving strange particles. We have chosen 
to use the space at our disposal to illustrate the main problems, but we think 
that a compilation of the reactions involving elementary particles, like the 
famous Ajzenberg and Lauritsen compilation for the light nuclei, would 
soon begin to be useful. 

Also, we shall not discuss the very-high-energy region, for which a sepa- 
rate review will certainly be needed in a short time because of the relatively 
recent entrance in operation of the Dubna and Cern accelerators. 


2. TABLE OF PARTICLES 


The 1960 table of particles, compiled by Barkas & Rosenfeld (11), is 
reproduced below (Table I). Detailed comments and references are given 
in (11) as to how the various data in the table have been obtained; we do 
not reproduce them here, but list instead the following points which it ap- 
pears appropriate to insert as a complement to the table. 

2.1 Additions to the list of observed particles—One possible example of 
=° (12) has been observed; examples of antihyperons A° (13), 2- (14), 3+ (15), 
and >° (16) have also been established through their decay and the recogni- 
tion of the antinucleonic nature of the heavy decay product. 

2.2 Search for new particles—Resonances due to strong interactions will 
be excluded in the following discussion. For the hyperon-pion (Y-7) and 
K-mr systems, preliminary evidence on these resonances will be described 
later; for the pion-pion (z-m) system, (17) contains a summary of the present 
situation. The exclusion of pure strong interaction resonances implies that 
when considering, as in the next paragraph, the neutral bosons with isotopic 
spin T=0, we restrict our discussion to those neutral bosons whose decay 
cannot take place without the participation, real or virtual, of a photon. This 
restriction is artificial and is motivated by historical reasons and by our 
preference not to discuss here the question of the m-m resonances, which, as is 
apparent from (17), is still in a very fluid state. 

(a) Neutral boson: The search for a neutral boson was initiated for a 
number of reasons: the most important one is that, under the assumption of 
maximum charge 1 and maximum hypercharge 1, a neutral boson with 
T=0 is the only particle compatible with the scheme of Gell-Mann & 
Nishijima which has not yet been found. Of course, such a T=0 boson can 
be a simple strong resonance, as mentioned above; but if its mass is less 
than 2m, or if it is a vector boson with a mass less than 3m,, the presence 
of a y ray is needed in the decay (18), so that the boson is ‘‘long-lived”’ 
(r~10-*°s instead of ~10~*s as expected for a pure strong resonance). In 
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particular, the existence of a m9", a pseudoscalar boson with T=0 having a 
mass near to that of the ordinary 7°, was postulated by Baldin (19a) and 
Yamaguchi (19b) to explain some apparent inconsistencies in low-energy 
pion physics; and a vector pp meson with mass <3m, was postulated by 
Nambu (18) in connection with the problem of the nucleon’s electromag- 
netic structure. Though the reasons invoked by Baldin, Yamaguchi, and 
Nambu are not too convincing, these reasons and the intrinsic interest of 
the problem did stimulate a number of experimenters to look for such hypo- 
thetical bosons or for similar ones. Most of these experiments were summa- 
rized by Pontecorvo (20). The most interesting work, because of the general 
character of the method used, is: a search for the reaction D+D—-He‘+7° 
(21), which, while forbidden by charge symmetry for the normal 7°, would 
not be forbidden by charge symmetry for a T=0 boson; and photoproduc- 
tion experiments (22, 23). No evidence for a neutral boson with a mass less 
than 2.5m, has been obtained from the first experiment, nor (with a mass 
less than 3.5 m,) from the second; upper limits of the cross sections have, of 
course, been set, but for their appreciation a complete discussion of the 
above experiments, which is out of place here, is needed. For other experi- 
ments in the search for neutral bosons (long-lived in the sense of this para- 
graph), compare (24) and (25). 

(6) Charged particles with mass 550 m,: The experiments performed 
(26a, b, c) to confirm the existence of such particles, for which evidence was 
originally reported by Alikhanian ef al. (26d) in a cosmic ray experiment, 
have all given negative results. For a survey compare (27). 

(c) The heavy charged boson:! If the assumption of maximum hyper- 
charge 1 is abandoned, but that of maximum charge 1 is maintained, the 
Gell-Mann—Nishijima scheme admits the existence of a few new particles 
which have already been listed on several occasions [compare, e.g. (1)]. One 
of these is a positive boson with strangeness S=2 and its conjugate with S 
= — 2; these have been called D+. A systematic attempt to attribute to these 
bosons various events, which had been reported in the past as difficult to in- 
terpret on the basis of known particles, was made by Yamanouchi (29) in 
November 1959. The situation was interpreted in (29) as indicative of the 
existence of a Dt boson with S=2 and mass ~720 Mev; however, an es- 
sential part of this identification was based on two events, reported by the 
Bristol (30) and Columbia (31) groups. Such events, which look like a decay 
of some positive particle into a m* and a neutral particle, correspond to a 
m+ with 60 Mev energy. Interpreted as a D* decay, the mass of the D* 
should be 720 Mev. However, Prowse (32) remarked later that the mass of 
these hypothetical D* particles, which, by the way, had been observed dur- 
ing the scanning of a Kt beam, is not consistent with the above value, but is 
instead entirely consistent with the mass of a K+. This makes Yamanouchi’s 


1 Heavy charged and possibly neutral bosons have also been introduced to trans- 
mit the weak four fermion interactions; compare (28) for a possible scheme. 
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interpretation untenable, although the nature of these anomalous Kt decays 
is not yet clear (33), as the uniqueness and the value of the r+ energy in both 
events need an explanation. 

Recently, a Soviet group (34) has obtained, in studying a collisions at 
7 Gev/cin a propane bubble chamber, several events [the Dubna event listed 
in (29) is of this kind] which allow the two following interpretations: either 
they can be attributed to a reaction of the kind 


Kt+n-K°+-nt+n 2.1 


(the incident K* being produced in the primary collision of the m~) with a 
very small momentum transfer to the neutron (m); or, if they are attributed 
to a decay: Dt +>K°+-* they correspond to values of Mp ranging from 750 
to 950 Mev. Presumably an experiment with a beam of K* may lead to the 
correct interpretation. The recent discovery (compare Sect. 6.7) of a K-x 
resonance makes it possible that we are dealing with reaction 2.1, but with 
the final K® and z* produced in such a resonant state. 

To summarize, the scattered existing evidence is insufficient to prove the 
existence of a charged long-lived boson heavier than the K meson. 

No evidence exists for new baryons; in particular, as remarked, e.g., in 
(35), there is indirect evidence against the existence of a baryon with S=1. 
This would be one of the baryons compatible with the scheme of Gell-Mann 
and Nishijima if the hypercharge could assume values larger than 1. 

2.3. Mass.—*The methods which have been used to determine the masses 


2 On the theoretical side, attempts have been made to understand the masses of 
the hyperons and heavy mesons. There are two different kinds of problems here. One 
consists in assuming that in some zero-order approximation, e.g., one in which the 
K-baryon interactions are left out, all the baryon masses are equal, and in trying to 
explain the mass differences among the different baryon multiplets as a consequence 
of the strong (supposedly only moderately so) K-baryon interactions. On the whole, 
this kind of problem, though much work has been devoted to it [e.g. (38, 39, 40)], does 
not seem promising at the moment. 

The other problem is that of explaining the differences in mass within each multi- 
plet, which are presumably of electromagnetic origin. It is well known that because 
the inner parts of the charge distribution may contribute to such an effect, the neu- 
tron-proton (w—p) mass difference problem is far from a quantitative solution, so 
that there is no reason to think the situation may be more favourable for the =~, =°, =* 
or for the K°, K+ mass difference problem. In this last case, however, a qualitative ex- 
planation of the fact that mxo>mx+, contrary to a straightforward application of 
perturbation theory (41) and to the expectation from the fact that m,+ >m,0, can be 
given (42a, b, c). This explanation is based on the observation that, unlike the 7°, the 
K° is a particle with a nonzero charge density; the charge density may be chosen so 
that the electrostatic self energy may explain in principle that mxo >mx+. Concerning 
the = multiplet, there have been calculations (43, 44) in the direction of connecting 
the = mass differences with the K mass differences, by calculating perturbatively the 
effect which the observed K mass difference has on the = multiplet masses. Qualita- 
tively, one can find agreement, but this is certainly only part of the story. 
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are described in (11); here we mention only the main changes in the mass 
situation during the period covered by this review, as follows. A slight in- 
crease of the hyperon (A) mass and a better determination of the masses of 
the 2 multiplet; the mass of the Z~ is now known with a much smaller error 
(~50 & are known), but the study of the Z~ properties still proceeds slowly 
because of the small production cross section of this particle [in associated 
production 3.6_2,,*?-* ub per nucleon for 7 Gev/c 2; 10.6_3.2*4-4 ub per nucleon 
for 8 Gev/c m~ (34); in production from K~ (36), reaction K-+N-2-+K, 
18+5 ub per nucleon with 1.17 Gev/c K7]. 

A mass difference of 3.9+0.6 Mev between K® and Kt has been estab- 
lished, the neutral K® being heavier, and it has been recognized (37a, b) that 
the mass difference between the K,° and K2° components of the neutral K 
is of the order #/r(K,°). Except for this last result, all the others have been 
obtained using energy and momentum conservation in the appropriate proc- 
esses; the last-mentioned result has been established with high precision in 
an ingenious experiment (37a) based on the study of the forward regeneration 
of K,° in a beam of K® which passes through a dense material. 

2.4 Spin.—The values of the spin of the hyperons indicated in Table I 
have been deduced, from the Adair and Lee & Yang arguments, in associ- 
ated production; and from the Treiman argument in K~ absorption, taking 
into account the Day, Snow & Sucher (45) conclusion that K~ is absorbed, 
in hydrogen, from S states. A proposal for a direct K® spin determination is 
made in (46). 

2.5 Magnetic moment.—No experimental data exist on the magnetic 
moments of any one of the strange particles, nor on the magnetic moments 
of hyperfragments. The only relations which can be stated (47a, b, c) inde- 
pendently of perturbation theory by a simple use of charge independence are: 
(a) pst+pys-=2 pz (mirror theorem); (b) the A® and 2° moments do not 
receive a contribution from the pion currents and are therefore expected to be 
smaller than those of the other hyperons or of the nucleons. A perturbative 
calculation by Holladay (48) shows that values of u° or ws® larger than 0.5 
nm are improbable and that the actual values may well be a great deal 
smaller than this. 

Following the line described in the introduction, we shall examine the 
symmetry properties which characterize the interactions of the strange par- 
ticles. We divide this presentation into three parts: (a) the relative parities of 
the strange particles (Sect. 3); (6) the assumption and the consequence of 
particular ‘‘internal symmetries” (Sect. 4); and (c) the question of parity con- 
servation of the strong interactions (Sect. 5).3 


3. THE RELATIVE PARITIES OF THE STRANGE PARTICLES 


We assume here that parity is conserved in strong interactions of strange 
particles, a question we shall discuss later, and we shall examine the methods 


8 The questions (a) and (b) [and very shortly (c)] have also been reviewed in (6). 
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that have been proposed to determine the relative parities of the new 
particles. 

It is, first of all, clear that, because of conservation of strangeness in 
strong interactions and the nonconservation of parity in weak interactions, 
only the relative parity Paxwn of the A-K system with respect to the nucleon 
is a well-defined quantity. Of course, we may conventionally define the 
parity of the A as positive just like that of the nucleon and speak of the 
parity of the K; this is often done, so that when one speaks, e.g., of a pseudo- 
scalar K, the parity for the A is assumed to be positive. 

The other quantities of interest, in addition to Paxy, are the parity of 
the 2-K system with respect to the nucleon Psxw and the relative parity 
of A and © or of & and N indicated respectively by Paz, Pew. The fact that 
Pzy is a well-defined quantity is shown clearly in the reaction K~ 
+p-=-+Kt or (49) 2-+p—A+A, both of which may serve in the future 
for its practical determination. It is also evident that only two among the 
three quantities Paxw, Pzxn, Paz are independent. Finally, it must be men- 
tioned that the particles belonging to the same isotopic spin multiplet must 
have the same space-time properties, and in particular the same parity, so 
that a question like that of the parity of the 2~ relative to the 2° does not 
arise. The question of the relative parity of the K+ and K® will be considered 
later. 

The interest in the determination of relative parities of the strange par- 
ticles lies, of course, in the same general reasons which stimulated, ten years 
ago, the determination of the parity of the pion; this interest, however, has 
been made more acute by the circumstance that a particular kind of sym- 
metry can be imposed on the Lagrangian of strange particles only if Pas 
is even. 

A number of experiments have been proposed, and in part performed, to 
determine the parities; those proposals which in our opinion have the 
greater chance of leading to a definite answer will be discussed below.‘ 


DETERMINATION OF RELATIVE Parity of A, N, K 
3.1 Okun & Pomeranchuk’s method.—The reaction 


* Among other proposed methods, we list those of reference (50a to e) which all 
involve, however, either polarized targets or rather difficult polarization measure- 
ments. In (50e) a general rule is established associating the relative parities with the 
polarizations of the particles involved in two-body reactions. We quote this rule here, 
since some of the following methods can be considered consequences of it; call p; and 
py the relative momenta of the two initial and final particles, n the normal to the 
plane formed by f; and py, Spi and S,y the sum of the spin components of the initial 
and final particles along n, P; and Py the products of the intrinsic parities of the 
particles in initial and final states; then AS, =S,;—S,z must be even or odd depending 
on whether P;P;= +1. 

The perturbative calculations may also allow in some cases a determination of 
parities (compare, e.g., Sect. 6.9 for photoproduction), but it is always difficult to 
assess the reliability of such conclusions. 
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K-+prAtattaer 

with bound K~ or at very low (positive) energy in the continuum gives an 
appropriate method of determining Pagy. This method has been proposed 
by Okun & Pomeranchuk (51). Since the absorbed K~ should be in an S 
state (45), the two pions will go into an S state of relative motion because 
of the low value of their relative momentum (the situation is reminiscent of 
that existing in the r decay); the A will therefore go into a P state if Paxn is 
odd or into an S state if Paxw is even. The angular distribution of the A 
momentum with respect to the two-pion total momentum will, therefore, 
give the required information. The difficulty of this method lies in the very 
low rate of occurrence of the process: one case in about 10° absorption events 
at rest (8a). Notice also that the relative momentum of the two pions may be 
as large as 130 Mev/c so that the assumption that only a two-pion S state 
intervenes, though not unreasonable, has to be checked using sufficient 
statistics. 

3.2 Dalitz’s method.—The existence of the following reactions has been 
established in helium bubble chamber experiments (52): 


(a) K~ + Het — Hea‘ + a (6) K- + Het — Ha‘ + 7° 


So far, 15 cases of (a) and 5 cases of (b) have been observed (53). If one can 
be sure that the spin state of Hea‘ (or Ha‘) through which the above reac- 
tions proceed is zero, then the mere observation of such reactions implies 
odd Paxw (5). Notice also that if the state of He,* through which the reac- 
tions proceed has instead spin one no prediction is, in general, possible; how- 
ever, if the absorption of the K~ takes place entirely from an S state, then 
Paxn must be even. 

To know the spin state of He,‘ (or Ha‘) through which the reactions 
(a) and (5) proceed is, therefore, important (5). This question may be di- 
vided into two: (a) Does there exist an excited state of Hea‘? (b) If not, can 
we be sure that the spin of Hea‘ is zero? 

It is clear that a positive answer to the first question would ruin the 
method since if the ground state has spin zero, such an excited state would 
have spin one and vice versa. Also, a negative answer to question (b) would 
reduce the effectiveness of the method since any conclusion would be sub- 
ordinate to the assumption of S-state absorption. As the discussion by Dalitz 
& Downs (54) and Dalitz (8c) shows, the balance is so delicate that it is im- 
possible at present to predict or exclude the existence of an excited bound 
state of Hea‘ (or Ha‘); however, it seems clear from the above phenomeno- 
logical analysis that if such a state exists, its binding energy should be less 
than 0.1 Mev. If this is so, Dalitz & Downs, as well as Block et al. (53), argue 
that the relatively large rate of formation of He,‘ (or Ha‘) in K~ capture 
may indicate whether such formation takes place in the ground state or in 
this hypothetical excited state with Ba <0.1 Mev. Indeed, the probability®r 


5 . r is defined as (yield of Het+x-)/[(yield of n+He*+2-)+(yield of Het 
+77)}. 
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that a A which is produced in the K~ capture remains bound and gives rise 
to a Hea‘, the so-called sticking probability, evidently increases with increas- 
ing By. Dalitz & Downs have computed r as a function of Ba (making the 
simplifications typical of this kind of problems). They conclude that while r 
is 4.5 per cent for Ba=0.1 Mev, it is four times as large for Bs =2 Mev so 
that the possibility of a discrimination exists. The experimental value of r 
is, according to (53), 20+7 per cent (only 15 Hea‘ hypernuclei were effec- 
tively seen, but use was made in this evaluation of a corrected number of 
25+7 per cent to take into account the losses). This represents rather pre- 
liminary evidence in favour of the formation of Hea‘ in its ground state. 

On the other hand, there is practically no evidence on the question of the 
spin of the ground state.® Of course, this question may be answered by meas- 
uring the angular distribution of the m~ with respect to the direction of the 
momentum of the Ha‘ in the decay Hat—~He*+77; the details of the angu- 
lar distributions are discussed, e.g., in (5) and (54, 85). The number of ob- 
served Ha‘ is now much too small to allow such an analysis; however, a 
clear answer to questions (a) and (b) above is essential before Paxy can be 
established by this method. 

Another reaction, of the same kind, to determine Pagw is (56) 
a +Het—-H,t+XK°®. So far, no example of this reaction, which even if al- 
lowed is expected to be rare [1 event per 104 w~ interactions at 1 Gev (54)], 
has been detected; only preliminary results are available (57). 

3.3 Dispersion relations —The forward dispersion relations for K+ proton 
scattering can in principle be used to determine Paxy and Psxw; at present, 
no conclusion can be obtained without making an assumption for Pas; and, 
assuming Pay to be even, the indication is that Paxw is odd. This is, how- 
ever, only an indication since the analysis is complicated and depends on 
some assumptions concerning the extrapolation of the K-p cross section into 
the unphysical region. We shall not reproduce this analysis, since the es- 
sential points have been reviewed recently by Amati & Vitale (6), Dalitz 
(7b), and Matthews (9c); we therefore refer the interested reader to the 
above papers, in the order mentioned, for an adequate introduction to this 
subject, and to papers by Amati (58), Kerth et al. (59), and Selleri (60) for a 
discussion based on the most recent data and leading to the above conclu- 
sion. 

3.4 Extrapolation method.—Taylor (61) has suggested that an extrapola- 
tion method of the Chew & Low type (62) may determine Pyxy in a photo- 
production experiment. It is well known that the Chew & Low method, 
when applied to photoproduction of a charged pion, consists in extrapolat- 
ing the cross section up to the nonphysical angle cos 0 =c/v, where v, is the 
velocity of the photoproduced pion in the center-of-mass system. The value 


6 A method proposed by Dalitz & Liu (55) for differentiating between spin zero 
and one does not give as clear-cut an answer as one would like in this kind of problem 
[compare also (53)]. 
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of the residue of the production amplitude at such an angle is then related to 
the pion-nucleon coupling constant. Application of the method to pion 
photoproduction experiments was discussed in detail by Taylor and co- 
workers (62) as a tool for determining the 2-N coupling constant. The 
result of (62) was that a determination of the r-N coupling constant accurate 
to 10 per cent with 260-Mev photons (for which cos@ = 1.33) implies measuring 
the cross section near the forward direction every 5° with an accuracy of 1 to 
2 per cent. In the case of photoproduced K* at a photon energy of 1000 Mev, 
the above value of cos @ is 2.7 so that the extrapolation has to extend over a 
much wider region than in the pion case. However, the essence of Taylor 
(61) and Moravcsik’s (63) proposal is that only the sign of the residue at 
cos 9=c/vg is sufficient to discriminate between scalar and pseudoscalar K, 
so that one may hope to reach a conclusion when the experimental data im- 
prove. Such improvement should, in fact, allow a more definite determina- 
tion than is now possible of the number of partial waves required and, there- 
fore, of the order of the extrapolating polynomial, according to Moravcsik 
(63). 

This method and also that of Okun & Pomeranchuk can be extended to 
a direct determination of Pzywx; this is essentially all that can be said with 
respect to such a direct determination. 


DETERMINATION OF RELATIVE PARITY OF A AND = HYPERONS 


3.5 Correlations of polarizations and momenta.—For a direct determina- 


tion of Pas the following methods have been suggested: 

(a) Use of the reaction 2-+—-A+K° with polarized Z~ absorbed at 
rest or from an S state in the continuum (64); if the absorption is from an 
S state, a dependence of the hyperon polarization on its direction of emission 
can occur only for odd Pas. The hyperon polarization can be detected 
through its decay asymmetry; the main difficulty is having polarized 2~ 
brought to rest in hydrogen. 

(b) Use of the correlation of hyperon polarization and gamma polariza- 
tion in the decay of a polarized 2° [Feldman & Fulton (65)]. 

(c) A measurement of the correlation between the spin of A and the plane 
of the electron positron pair in the Dalitz decay 2—A-+et+e- of a polarized 
z° (66, 67). According to (66) the study of 10? to 10* Dalitz decays of 2° 
should determine Pay unambiguously, if a source of appreciably polarized 
2° can be found. A Dalitz decay of the 2° takes place in about 175 y decays 
[more precisely, 184 for even Pas, 165 for odd Pas (68)]. 

3.6 The Y-x resonance method.—The existence of a Y- resonance (= Y*) 
with a total energy of ~1380 Mev has been suggested recently (compare 
Sect. 6.7). Assume (but unfortunately the preliminary indications are not in 
favour of this) that Y** can decay both in A+7* and in 2++7° with reason- 
able probability. Assume also that in a reaction like, e.g., 


at +p—>Kt+A+at 
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and 
at + p> K*++2zt+ 2° 


we can separate those events for which A+at and 2++7° are produced 
through the “decay” of the resonance Y**. Assume finally that the Y* is 
strongly polarized (perpendicularly to its ‘production plane’’) and that 
interference effects from events not passing through the resonance are not 
dominating the picture. Consider those events where the Y* (or equiva- 
lently the K*) goes in a given direction; then the A° and + from Y* decay 
are polarized. Call @, and @z+ the average polarization for all A and, respec- 
tively, all 2+, the average referring to events produced in the conditions 
described above. Then it can be shown (69) that @a/@xz is a positive quantity 
if the AD relative parity is even, a negative quantity if it is odd. To measure 
@®, and @s, use can be made of the asymmetry in the A>p+a2, 2+-p+7° 
decays. Indeed, though at present only the absolute value of the ratio be- 
tween the parameters a, and a@ is known, the same experiment, as shown in 
(69), should provide a determination of the sign of this ratio a,/ao. The pres- 
ent experimental situation with respect to the Y* (compare Sect. 6.7) is still 
too preliminary to permit judgment on the chances of this method. 

3.7 The ‘‘cusp” method.—The “‘cusp”’ effect was first considered by Wig- 
ner (71a) and Breit (71b). A recent survey appears in a preprint by Fonda 
(71c). We describe this method in some detail, following the treatment of 
Baz & Okun (70), because experiments are now being done (9a). Consider 
the process (a) -+—A+K° at an energy E immediately above the thresh- 


old E; for the process (b) x-+p-—-2°+ K®. Call M/’ the S-matrix element for 
the process (a) in a state having the same quantum numbers (parity J and T) 
as those which, immediately above the threshold, characterize the S state of 
~°+K® in process (b). Define k as 


k=f 2u| E— E,| ee 


mA + mx 
One can then prove that for E>E; one has 
M,''*(E) = M)*(E:) + ak +++ if Pas = 1 3.7-1 


M;"/(E) = M,"(E,) + ak+--- if Pas = —1 3.7-2 


and in addition that M'/? or, respectively, M,'/? are the only matrix ele- 
ments which have, immediately above the threshold £;, a linear dependence 
on &. In the above formulas, a is a complex coefficient.’ If we remark that 
the analyticity of the S matrix implies that the matrix elements for the proc- 
ess (a) below the threshold are obtained from those above by the substitu- 
tion k-+ik, we may express the result contained in Equations 3.7—1 or 


7 a=limg.oS(a~ +p—A°+ K®)- S(ax- + p—2°+K°)/2k, where the S(a—b) are the 
corresponding S-matrix elements. 
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3.7—2 as follows: the matrix elements for process (a), in a state having the 
same quantum numbers as those characterizing reaction (b) immediately 
above the threshold, have an infinite first derivative with respect to E at 
E=E,. Although it is not possible, for reasons of space, to give the derivation 
of Equations 3.7-1 or 3.7-2, it can be stated that in (70) they are derived 
simply, using only the unitarity of the S matrix, its symmetry in a J, M 
representation, the analyticity property already mentioned, and the fact 
that the outgoing 2°+K® wave, near threshold, is produced in an S state 
and therefore has a matrix element proportional to k'/? (while in general the 
matrix element for an / wave behaves as k'+/2), 

The interesting quantities are the cross section o(0, E) and the polariza- 
tion @(6, E); it is quite generally 

o(0, E) = | g@, £)|?+ | 2@, BE)? 


and 
_ h(0, E)g*(6, E) 
O(6, E) = 2Im “aa BD 
where 
g(0, E) = (2iki)-* >> (0 + 1) M+? + IM) P,(6) 3.7-3 
l 
h(6, E) = — (2ik:)-* D> (Mi? — M12) P.M) 3.7-4 
i 


In 3.7-3, 4, Pi(@) and P;(@) are the conventional Legendre functions 
and & is the wave number (in the center-of-mass system) of the incident 
aw~. The behaviour of M,!/? or M,"? at E=E, is reflected in the behaviour of 
o(6, E) and @(6, £) as is clear on inserting 3.7-1 or 3.7-2 in 3.7-3 and 3.7-4 
and confining ourselves to terms of first order in k. If we put: 


(8, E:) = o(6), PO, E:) = PP) 
the following formulas are easily obtained in the two cases of even and odd 


relative PAZ parity; for Pas =1 the expressions of G,(0@), F,(@) have to be 
taken; for Pas = —1 those of G_(@), F_(@): 


o@, E) = e@) tei more Bee 


kil ReGsz@a*, E<E, < 
_ Ah (Re Fs(6)a* E>E: 
AR Om + = ia Fs.(6)a* E<E, 
where 
G..() = g(@), F.(6) = (2) — iP )g(0))/o (6) 3.7-5 
and 


G_(@) = g(@) cos@+ h(@) sind, F_(6) = (h(6) cos 0 — g(6) sind — iP(6)G_@))/c(6) 3.7-6 


The above formulas show that in principle one can determine Paz if 
o(6, E) and @(@, E) may be accurately measured at all angles at some E above 
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and below £;. Indeed, the angular dependence of the term linear in k which 
one has thus determined is different, both for o and for @, in the two cases 
of even and odd parity. As the formulas 3.7-5 and 3.7-6 show, G_(@) contains 
a power of cos @ higher than G,(@), and F_(@) similarly contains a power of 
cos 6 higher than F,(@). Assuming that it is possible to know from an analysis 
of ¢(@) how many powers of cos @ are needed in g(@) and h(@), one can decide 
the sign of Pas. 

Experimentally, the method is exceedingly difficult; in fact it is difficult 
to detect the presence of the singularity® at E; and much more difficult to 
measure angular distributions and polarizations on both sides of the singu- 
larity® so as to establish the sign of Pas. As usual, the polarization has to be 
determined through the asymmetry of the hyperon decay. One has to make 
measurements near, below, and above £; with the highest possible energy 
resolution. How near to £; is a difficult question to answer. It is necessary, 
of course, for the validity of 3.7-1 and 3.7-2 that kR<1 where R is some 
radius of interaction, let us say mx. This condition is certainly not sufficient 
because if the contribution of the singularity to the total cross section is 
small (that is, if the coefficient of the term linear in & is such that terms 
linear in k give a small contribution), the possibility of its detection de- 
creases as one goes far from E;. Thus, the wisest prescription, even if not the 
most illuminating, at present is to make measurements as near as possible 
to F;. 

It may be added that the situation is rather more complicated than is ap- 
parent in the above, because of the existence of the two thresholds for the 
>°+K° and 2~+K* channels, the second of which is (Table I) very near to 
the first (within 0.5 Mev). A treatment including both channels, but neglect- 
ing the >-— K+ Coulomb attraction, has recently been given by Day, Snow 
& Sucher (72). 

Finally, it should be clear that the phenomenon discussed here is only an 
example of a more general phenomenon: a singular dependence on the energy 
exists in the S matrix for any channel at the threshold for another channel, 
provided only that the two channels are strongly coupled; in our case, for 
instance, in addition to the singularity discussed above, a singularity in the 
pion-nucleon elastic scattering can be expected at the thresholds for the 
A-K and 2-K channels. A singularity is also expected at the threshold for 
K-+p-—-K°-+n in all the K-+p-—2+7 reactions, and so on. 


* Some irregularity in the behaviour of the angular distribution and polarization 
on passing through E; has been experimentally noted [cf. (9a)]. 

* Whether the singularity in o is really a cusp or an S-shaped curve depends of 
course on the signs of the coefficients of the term linear in k in 3.7—4a; these signs can 
be determined only by using models or, better, by using the experimentally deter- . 
mined amplitudes when these are known. In the present case the amplitude for S and 
P waves given in (152) might allow a preliminary analysis. (Cf., however (88).) 
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4, LOOKING FOR NEW SYMMETRIES 


If it is assumed that each particle is described by a different field, it is 
easy to construct all the possible trilinear interactions which are invari- 
ant under rotations in the usual three-dimensional isotopic spin space!® and 
conserve charge. 

The Lagrangian interaction which one obtains was first written by 
d’Espagnat & Prentki (73); an elementary way to construct it is described in 
(1). If we restrict ourselves, quite arbitrarily, to trilinear interactions, 
eight elementary interaction terms corresponding to the eight processes 
N>N+2,2>2+2,A 52 +2,2-2+mand N>A+K,N-2+K,Z—-A+K, 
=—2+K can be written; the process A>A-+7° is of course absent, since it 
does not conserve T; eight coupling constants appear in the Lagrangian 
interaction below, corresponding to the eight above processes: 


_ _ a om 
LO) = igiNystNx + ged- Sx — > Lys X Sa + iggzyst Ze + hic. 41 


LE) = f\N-AK +foN-*2 K+ fez AroK + feZ-tEr2K + hic. 


To be definite, in 4.1 we have assumed that all the hyperons have spin 3, the 
nonderivative form of the interaction has been written, and the dot stays for 
1 or iy, according to the relative parity of the particles involved; the field 
operators have been indicated with the symbols of the particles they repre- 
sent, according to standard conventions." 

Even if the assumption of trilinearity were acceptable and if one knew 
the relative parities of all the particles involved, almost nothing could be 
done with the expression 4.1. Indeed, not much credit can be given to per- 
turbative calculations, and reliable nonperturbative methods do not exist. 
One is, therefore, naturally led to ask whether, for some particular choice 
of the coupling constants in the interactions 4.1, the total Lagrangian pos- 
sesses a particularly symmetrical form and gives rise, as a consequence, to 
predictions about physical processes which are independent of detailed dy- 
namical calculations. 

It is clear, however, that a high ‘internal’ symmetry in the total 


10 Some progress has been made in establishing the validity of charge independence 
for the interactions of strange particles; indeed, experiments of absorption of K~ at 
rest in deuterium show (74) that the ratio between the number of events in which one 
charged pion is produced and the number of events in which a neutral pion is pro- 
duced is 2(1.06+0.05), in good agreement with the value 2 predicted by charge 
independence. 

In addition, previous indications of a violation of one of the triangular inequalities 
in the production process r-+N—2+K have disappeared (75), though the errors 
are still very large. Presumably, the K~-He* experiments (53) will soon produce 
additional evidence. 

11 In the following we shall sometimes use the notations gwy, and gasz for g, and 
2; fawx, fewx for f; and fe. 
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Lagrangian does not exist; in fact the highest possible symmetry would 
necessarily correspond to equal masses for all the baryons. The mass dif- 
ferences among the existing particles are, on the other hand, substantial: 
(Mz—My)/Myn =40 per cent. 

Nevertheless, it is possible to start from a rather symmetrical free Lagran- 
gian (in which at least some of the masses have been considered equal) and 
to assume that the interactions giving rise to the observed mass differences 
(let us call them the “‘perturbation’’) are relatively small as compared to the 
main part of the strong interactions which are assumed to have some par- 
ticular symmetries. Of course, progress along the proposed line can be made 
only if the very strong interactions lead, as a consequence of their symmetry, 
to predictions independent of detailed dynamical calculations. One can then 
use these predictions in situations where the “‘perturbation”’ is expected to 
have negligible effects, and compare the predictions with the experiment. 

4.1 The doublet symmeiry.—A first negative, but important,” result along 
these lines is due to Pais (76, 77). His work is interesting because it does not 
assume a very high symmetry for the Lagrangian 4.1, but instead assumes 
the minimum possible symmetry which may lead to predictions indepen- 
dent of detailed dynamical calculations; and also because the perturbation 
is really small, the expansion parameter being 6=(Mz—M,)/Mz=0.067. 
Pais’ conclusion is that even the rather modest symmetry that he assumes 
is in contradiction with the data. In detail, Pais assumes: (a) even Paz, 
(b) negligible 6 in dynamical calculations, (c) that the presently known 
baryon spectrum is complete, (d) that the symmetry of the very strong inter- 
actions is such that in 4.1: 


g=g=¢ fi=Hsfp=Hef f=f=fn 4.1-1 


Here assumptions (a), (b), (c) do not need any special explanation except 
that all these speculations concerning new symmetries fail for odd Pas. 
Notice also that nothing is postulated with respect to the &, N, mw, and K 
masses. The central assumption is expressed by 4.1-1. One may ask why, 
among all the possible choices of the coupling constants, attention is fixed 
only on the particular relations 4.1-1; indeed, one of the main points of Pais’ 
arguments has been to show that these relations are a necessary condition for 
obtaining linear relations among matrix elements for different processes 
over and above those provided by charge independence. Reference is made 
to (77) for a proof of this. Here we shall derive only the physical conse- 
quences of the assumptions above. The symmetry properties of the Lagran- 
gian under such assumptions become evident, introducing the symbols:™ 


m-(z) me-(2) 


” These results have ended a number of speculations in which very large sym- 
metries were postulated at the start, violating them immediately afterwards. 
8 The definition of N; differs by a sign from that of Pais (76). 
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where 
Y° = 2-1/2(A9 — 59) Z° = 2-1/2(A9 + 5°) 


On writing also, for uniformity of notation, 


0 
m-(t) m=) 
n faa 
the interaction Lagrangian may be rewritten as £ + £® where 


LO = ilgiNrtysNi + g(NetysN2 + NetysNs) + geNetysNile + hic. satan 
LE®) = /2fil(Nin N2)K® — (NinN;)K*) 
+ V2 fu (Wen'N2)K* + (Wan'W)K®] + hee. staal 


and 7=1 or 77s; 7’ =1 or 77s. 


It is evident that this expression, as well as the free Lagrangian, has two 
kinds of symmetry. First it is rotation invariant when one attributes “‘isotopic 
spin 7” to the individual particles indicated in the first column of Table II 
below. This symmetry corresponds to the fact that under the above assump- 
tions all the baryons may be treated as doublets, and the Kt, K°® (as well as 
their charge conjugate) as isoscalar particles (4=0). The second symmetry 
corresponds to rotations in the N2, N; plane; the corresponding isotopic 
spin & assignments are given in the third column of the table. 


TABLE II 
DouUBLET SYMMETRY ASSIGNMENTS OF 7 AND k 




















1 ts k ks Si=$S+ks 
T 1 1, 0, —1 0 0 0 
M 5 i(p), —3(m) 0 0 0 
Nz 3 3(2*), —43(Y°) 3 +3(=*, Y°) 0 
Ns 3 3(Z°), —3(27) 2 —3(Z%, =~) ae 
Ns 3 (2°), —3(=7) 0 0 —1 
Kt. 0 0 3 +4(K*), —3(K°) | 1(K*), 0(K% 











These two symmetries constitute what is usually called the ‘‘doublet 
symmetry.’’!4 The situation may be described by the statement that if the 
doublet symmetry is true, there exist two isotopic spin vectors J=Zi and 
K=2k which are separately conserved; I (I+1) are the eigenvalues of I’, 
K(K-+1) those of K?; J? and K? commute. It is readily seen from the table 
that the usual isotopic spin 7 is given by: 


T=I1+K 


144 Such assignments were first considered by Tiomno (78) and somewhat later, 
but independently, by Dallaporta (79). 
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Of course, the separate conservation of J and K gives rise to selection rules for 
many processes as well as to relations between matrix elements for differ- 
ent processes in addition to those implied by charge independence (conserva- 
tion of T). Many of these relations or selection rules can be derived using only 
the conservation of J; and K3; therefore, we have also given in the table the 
individual values of 73 and ks, and the value of S;=3S+h3=43S+(i3—ts) 
which is more convenient to use. Here S is the ordinary strangeness and S; 
is conserved because of the conservation of S and k3. 

Note also that a particular case of invariance under rotations in the N2, 
N; plane is the invariance under the simultaneous substitutions 


N22 N3 K+ = — K° — K°=Kt 4.1-3 
Using 4.1-3 and the conservation of S;, the following consequences, 


among others, may be easily established (76): 
(a) In the reactions t~+p—A°+K® and 2-+p—2°+ K® 


do(A°K®)— do(2°K°) 
(b) Similarly, in the reactions m~+p—-2-+ Kt and m-+p-—2°+K® 
do(2~K*)™ 2de(2°K°) 4.1-4 


(c) The processes r++ p—2*+ Kt, K++n-—-K*+ , and K-+p-2++2- 

are forbidden. 

These statements are strictly true only if the mass difference my—mag is 
neglected in the computation of the matrix elements and, therefore, they 
are subject to corrections of order 6 or in some cases 6. It is clear, however, 
that most of these conclusions are in violent disagreement with experiment; 
we refer the reader to Sections 6, 6.1, 6.9, where some relevant data are pre- 
sented. 

In writing down the Lagrangian 4.1-2, we have implicitly assumed that 
K* and K® have the same parity. At the price of losing K and T conserva- 
tion, leaving only J conservation, no need exists for this assumption and one 
can as well assume that they have opposite parity. This means that in 4.1-2b 
a Ys has to be inserted either before N2 or before N3. Pais (80) has explored 
the consequences of this assumption in detail. Of course, if Px+xo=—1, the 
invariance property 4.1-3 is broken and, consequently, Equation 4.1-4 is no 
longer valid; however, the forbiddenness of the processes indicated before 
under ¢ remains, as well as those other relations (some in violent disagree- 
ment with experiment) which arise from the separate conservation of S; 
and S. The separate conservation of S; and S may also be broken by some 
convenient interaction (in the case Px+xo=—1, the interaction KKr is a 
possible, parity-nonviolating, one); but if one introduces symmetries and 
immediately afterwards violates them, one is back at the starting point. 

In addition, if Px+xo= —1 it is difficult to understand why two strongly 
interacting particles with opposite parity should have approximately the 
same mass. More details on this and related problems appear in (80). It is 
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noteworthy that the assumption Px+xo=—1 implies, necessarily, a viola- 
tion not only of charge independence (T conservation), but also of the charge 
symmetry. Such a violation would be most apparent in reactions in which 
real strange particles participate. As noted in this connection by Pais (81) 
and independently by Morpurgo (82), an ideal experiment to test such a 
possible violation of charge symmetry directly would be that of comparing 
at each energy and angle the cross section for associated production of new 
particles by m~ and a* in a self-conjugated nucleus (83); any deviation from 
charge symmetry would reflect in a deviation from unity in the ratio between 
the rates of mirror processes (due correction being made for Coulomb effects). 

We conclude this section with the statement that not even the relatively 
modest symmetry 4.1-2 exists; that is, 2 and A cannot be simultaneously 
coupled symmetrically to K and a. 

4,2 Restricted and global symmetry.—We must, therefore, be more modest. 
Continuing to assume even Pas, we can suppose, for example, that only the 
pions are coupled symmetrically to 2 and A. Of course, the previous argu- 
ments show that in this case no prediction can be made which is independent 
of detailed dynamical calculations; but if we simultaneously assume that 
the K interactions are an order of magnitude smaller than the pion interac- 
tions and can, essentially, be treated perturbatively, some predictions can 
still be derived from this “restricted symmetry” (84). 

In detail, the assumptions made now are: (a) weak K interactions, 
(b) ge=gs so that the interaction of pions with A and = can be written: 


ig(NetysN2 + NetysNs)x + hic. 


in the notation previously introduced. If one prefers to be a little more am- 
bitious, he can also assume that the pion-nucleon (and possibly the 7-2 
interaction) have the same coupling constant (always under the assumption 
of weak K couplings). This is the global symmetry first introduced by Gell- 
Mann and Schwinger; it corresponds to the following pion-baryon inter- 
action (85) :'5 


ig(NitysN1 + NytysN2 + NetysNs + NetysN.)x + hic. 


The evidence for weak K interactions is certainly not strong. It is true that 
the values for the unrenormalized coupling constants f,*/4m and f,?/4m de- 
duced from a perturbative treatment of Kt-p scattering and of A® and 2° 
photoproduction, assuminga pseudoscalar K and Pas =1,areboth ~2.'* These 


18 The opposite assumption that K are strongly coupled symmetrically to baryons, 
while pion interactions are weaker and unsymmetrical, is discussed by Sakurai (86) 
and called ‘‘cosmic symmetry.” 

16 Of course, values of the renormalized coupling constants can, in principle, be 
derived from the dispersion relations of K*-p scattering (compare p. 49), but in 
practice this is not yet possible. Also, it appears useless to quote values of fi or f2 
derived perturbatively under the assumption of a scalar K and Pay=1 because the 
perturbative treatment for K*t-p scattering with a scalar K and Pay=1 is in dis- 
agreement with the experimental data. 
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values are certainly smaller than those of g:?/4m or, as far as we can say, 
of the g2?/4r coupling constants which both” correspond to ~15. 

However, it is far from clear whether and when the above f?/4m are 
really the significant parameters to measure the strength of K interactions 
or, in other words, the relative importance of their physical effects; indeed 
(compare Sect. 6.6), in one case it can be shown that the effects of the K 
interactions cannot be treated perturbatively, unless the present values of 
the Dalitz & Tuan parameters undergo large changes. 

Nevertheless, some work has been done to investigate the consequences 
of global or restricted symmetry and to compare them with the experi- 
ments; only brief comment on such work will be given below. 

(a) Hyperon-nucleon scattering: This question has already been dis- 
cussed in some detail in (7b) and (6). Here we say only that under the global 
symmetry assumption the 2*+-pand 2~-n potentials in triplet odd-/ or singlet 
even-] states must be the same as the proton-proton (p-p) or neutron- 
neutron (m-2) potentials. Nothing can be said with respect to the other states 
since Pauli’s principle forbids such states for the p-p or n-n system. Without 
additional special assumptions [e.g. (87)], only a few inequalities (88) can be 
stated, and they cannot as yet be checked. Considering bound states, in par- 
ticular, the problem arises whether the 2~-n state analogous to the n-n 
singlet state, which is almost bound, can be expected to be bound. The bal- 
ance is delicate here, since the difference from the n-n case is due both to the 
difference in mass and to the K interactions. Even if these last are weak 
they may well be decisive in this problem, so that, again, no conclusion is 
really possible. It must be added that 2~-n compounds have been carefully 
looked for; the present data do not show any such evidence either in K~-D 
absorption (89) or in complex nuclei (90, 91). The formation of such com- 
pounds is however forbidden in K~-D absorption by a selection rule for S- 
state capture if the Psxy is odd and the spin of the bound state is zero (64). 

(b) A comparison of the rates of the reactions 2~+p—-2°-+n and 
2~+p—A°+n would provide evidence of restricted symmetry—indeed, it is 


17 Assuming that the main part of the A-N force in hyperfragments is transmitted 
by 2 pions, the lowest-order perturbative calculations [Lichtenberg & Ross (157) and 
Dallaporta & Ferrari (158)], with Pas=1, of A-nucleon potential lead to a value 
«15 for gyz,2/4x. More direct determinations of the ge, g; coupling constants will be- 
come possible when more is known on Y-N scattering; at present only the following 
hydrogen data are available: 

(a) A +p—-A +p (4events)o=40+20mb; pz4=500-1000 Mev/c (159) 

(b) A +p2++n (2events)¢=30+20mb; pz4=700-800 Mev/c (160) 

(c) 2++p—=++p (10 events) ¢=38_y** mb; Tz” =100-700 Mev 

(d) 2-+p2-+p (6events)¢=10_,% mb; Tz2=100-700 Mev [for (c) and (d) 

compare (160)]. 

More indirect evidence on Y-N cross sections (in particular >N—AN) is available 
from K~ absorption reactions in complex nuclei and especially in deuterium; the 
analysis of this last process (e.g., K~-+D--2°+p+2->-+A°+p+7) is given in (161a) 
and (161b). 
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straightforward to show that the matrix elements for these two reactions are 
equal under the assumption of restricted symmetry. However, as discussed 
in detail by Dalitz (7b), at low energy the Z, A mass difference dominates the 
picture in this process, so that, again, restricted symmetry alone does not 
lead to any precise conclusion. The situation, as pointed out in (7b), would 
be clearer at high-energy and low-momentum transfer (to exclude the inter- 
action region where the K meson may be important), but so far no experi- 
mental data exist in such regions. 

(c) Tests of the validity of global or restricted symmetry in pion-hyperon 
scattering were discussed originally by Amati & Vitale (84); later work on 
similar lines was done by Salam (8b), D’Espagnat & Prentki (92), Gupta 
(93), Kawarabayashi (94), Capps (95), Ross & Shaw (96). Here we shall dis- 
cuss only the question of strict global or restricted symmetry as defined pre- 
viously, leaving for Section 6.8 the problem of the possible 3,2 resonance in 
m-Y scattering where a looser concept of global symmetry has generally 
been used. 

In practice the pion-hyperon state that we are considering is produced 
in K~ absorption reactions; if global or restricted symmetry is valid the 
final r-2 or w-A states produced in K~ absorption can be described in two 
alternative ways: (a) in the conventional way as eigenstates of isotopic spin 
T 1 or 0; (6) as eigenstates of the isotopic spin J belonging to the eigenvalues 
3 and }. In this last description 7-N2 and m-N; scattering are identical; and 
since transitions between J=} and J = states are forbidden, it is apparent 
that the number of independent matrix elements is reduced from 9 to 7 by 
restricted symmetry. Global symmetry would introduce a further limitation 
by requiring that the phases of the 2-N scattering in a state with given J, J, 
and J are equal to the real part of those of pion-hyperon scattering in the 
same state; however, there is some ambiguity here concerning the energy 
at which the two cases have to be compared, because of the mass difference 
between A, 2, and nucleons. 

It must be stressed that global and restricted symmetry lose any mean- 
ing if the K interactions are strong. The effects of the K interactions show 
themselves in a nonconservation of J also in processes where real K’s do 
not intervene; if these effects are strong, those consequences of the hypo- 
thetical J conservation which would be present when the K interactions are 
switched off cannot be unambiguously determined (92, 93). 

Now, in this problem, the presence of the K~ channels is strongly felt 
in pion-hyperon scattering in the energy region near mx+mp under dis- 
cussion here; therefore, there is not much profit in continuing this discussion. 
In case the reactive K~ effects on hyperon scattering should not be too large 
(which, in view of the results of Sect. 6.6, is unlikely at present), the original 
treatment of (84), which is unambiguously justifiable only if the rY ~KN 
matrix elements are small with respect to the rY—7Y matrix elements, is 
entirely adequate; and the resulting formulas can be applied to test global 
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or restricted symmetry. Particularly at low K~ energy (where the K--p 
scattering phase shifts are small), the inequality 


(W>-2+ + Wests — 4W xox0)? + 4W x0W orp — 4We-e+Wz+e- > 0 


has to be satisfied, the W being the branching ratios to the various final 
states in arbitrary units and p=py/pa being the ratio between the phase- 
space volumes for 2 and A production, which takes into account the kine- 
matical aspects of the 2, A mass difference. At present (8a) the experimental 
errors appear too large to allow a check of this inequality. 

4.3 Weak doublet symmetry.—It appears from the previous survey that 
the assumption that strong interactions have symmetries stronger than 
charge independence does not lead to encouraging results; indeed, the dou- 
blet symmetry definitely leads to disagreement with experiment, and the pre- 
dictions of global symmetry or restricted symmetry are in most cases am- 
biguous or not too fruitful. 

Recently, however, Treiman (97) and especially Pais (98) have made an 
effort to determine whether or not the above symmetries are capable of 
showing themselves more clearly in some decay processes, in particular, 
in the nonleptonic decays of hyperons. It is evident that such processes are 
influenced, virtually, by the strong interactions; and if one assumes that in 
such processes the strong interactions behave as if the doublet symmetry 
were essentially true, it becomes possible to make specific predictions con- 
cerning the decay parameters of 2’s and A. Consider, specifically, the parity 
properties of the 2+ and A decay interactions. It is experimentally known 
that the decay 24* (that is, 2+--n+7*), as well as 2_~(2-~--n+7-), does 
conserve parity, whereas Xot—p+7° and A-p+a violate parity con- 
servation very strongly. As Pais observes, this situation is remarkable be- 
cause, even if one can construct weak decay interactions which imply the 
above properties and are in agreement with the AT =} rule, one might expect 
that virtual strong processes would change the situation completely. Con- 
sider, for instance, the 2 and suppose that the direct decay interactions 
conserve parity for this process. One may also, however, have a 2 decay 
through the sequence 2~ ~2++22-—-p+29°+22-—-n+7, which violates 
parity conservation due to parity violation in 2+—p+7°. There is no way 
to exclude the above sequence if simple charge independence is assumed; 
but if doublet symmetry is postulated, the transition 2~-~2++27-7 is for- 
bidden. In a similar way, parity conservation in 24+ decay can be under- 
stood if we assume, in addition to doublet symmetry, that in the Z° (as well 
in the Y°) decay, parity is conserved, parity nonconservation in A® decay 
being due to opposite parity waves in Z° and Y° decay. 

It is outside the scope of this review to describe more fully the predic- 
tions which follow for hyperon decays from the above line of approach. It 
must be emphasized, however, as noted by Pais himself, that one cannot have 
confidence in the above approach until it is clear why the doublet symmetry 
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should fail to show itself directly in strong processes and should exhibit its 
power only indirectly in decay processes. 

4.4 Compound models—The idea that only a few particles are ele- 
mentary and the remaining ones are compound is rather old. An attempt to 
describe the pion as a nucleon-antinucleon compound with a binding energy 
of ~1700 Mev was made by Fermi & Yang (99); Goldhaber (100) and 
Christy (101) considered the possibility of describing all the strange particles 
as nucleon K compounds. Sakata (102) remarked that an even simpler pos- 
sibility might be one in which nucleons and A are regarded as elementary, 
all other strongly interacting particles being constructed through them. 
This last description has several simple features which have been summa- 
rized by Yamaguchi (103) and Ikeda e¢ al. (104). It is particularly remarkable 
that the interactions do not change the kind of a particle; a neutron always 
remains a neutron, a proton remains a proton, and a A remains a A. The 
reason for this is simply the conservation of baryonic number, charge, and 
strangeness. The simplicity increases further if we assume that in some zero- 
order approximation, the validity of which is rather problematical, proton 
mass=neutron mass=lambda mass and that the theory is invariant with 
respect to arbitrary permutations of these three particles. In this approxi- 
mation, where for instance the mass of the r (~NN) is equal to that of the 
K(~AN), a few predictions can be made, the strongest being that the K is 
pseudoscalar and has zero spin as the pion does. 

In principle, one would like the theory to move in the future in the direc- 
tion of compound schemes. But, at present, reliable dynamical relativistic 
calculations are unfeasible so that it is not possible to predict, assuming 
e.g. some quadrilinear interaction between n, p, A, %, , A, whether a given 
compound state is bound or not, and this is the first question a compound 
model should answer. Thus further speculation on these points appears use- 
less here. 

There is, however, a general idea originated by Fujii (105) and discussed 
recently by Sakurai (106) which it seems appropriate to mention. The idea 
arises, in Fujii’s presentation, from the remark made above that in the 
Sakata model the three strongly interacting particles are separately con- 
served. This feature is shared by the electromagnetic interactions and sug- 
gests the construction of the interactions of the strongly interacting particles 
in analogy with the electromagnetic case. According to Fujii this can be done 
most simply by writing the interaction as B,/J,, where 


Jn = id goWarVa (a= >p,n, A) 4.4-1 


and where B, is a vector neutral boson field of mass m, which satisfies the 
equation: 
(O — m*)By = — Ju 4.4-2 


and the subsidiary condition, 
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ay 


+mB')¥ =0 4.4-3 


where B’ is an auxiliary neutral scalar field'* with ({_] — m?) B’ =0. As a result 
of these equations we have 0J,/0x,=0. The theory can be formulated, fol- 
lowing a method suggested by Stiickelberg (107), in such a way that the in- 
teraction terms are obtained from the free Lagrangian, as in electrodynamics, 
through the substitutions 


re) te) 
— — + igaBy 4.4-4 
OX, OXp 
where gp, Zn, ga are three coupling constants for p, n, and A. If, in addition, 
we say 
Sp = Sn = ga = B®) 4.45 


g® may be interpreted, in analogy with the electromagnetic case, as the 
baryonic charge. As pointed out on several occasions [compare (108)] and 
emphasized by Sakurai, the analogy with the electric charge fails completely 
if this baryonic charge is identified with the coupling constant of the global 
symmetry pion-baryon Lagrangian, although the initial motivation for 
global symmetry was just that of giving equal baryonic charge to all the 
baryons (109). 

Now, although interaction 4.4-1 conserves isotopic spin and hypercharge 
(or equivalently strangeness), the symmetry with respect to the neutron, pro- 
ton, lambda permutations implied by 4.4-5 would produce a scheme in 
which all the baryons, and similarly 7 and K, have the same mass. This can 
be avoided, and, at the same time, the conservation of hypercharge and iso- 
topic spin can be put on the same footing as the conservation of the baryonic 
number, if we introduce two other vector bosons B®) and B® in addition 
to the one previously introduced (which we shall call B® from now on, the 
upper index indicating that this is responsible for the conservation of the 
baryonic number). In the same way that B® is coupled to the baryonic 
current, B® and B™ are coupled, respectively, to the hypercharge and iso- 
topic spin currents (for this to be possible, B™ itself must have a unit iso- 
topic spin). Then, in the same way that g™ is the baryonic charge, the 
coupling constants g™ and g® of these two additional couplings are the 
hypercharge and the isotopic charge of the particles. This is essentially the 
scheme of Sakurai, except that he writes the currents considering all the 
particles as elementary [see, however (110)]. While the introduction of both 
B® and B® seems essential in a theory of this kind, the introduction of 
B™ does not appear to us strictly necessary, at least if the Sakata model is 
used; although, according to Sakurai, who writes down the interactions re- 
garding all the particles as elementary, the explicit introduction of B® not 


® Because of 4.4-3, B’ does not represent a physical field and can be eliminated 
through a canonical transformation. 
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only is needed to destroy an excessive A-2 symmetry (equivalent to the 
doublet symmetry), but also seems to be an important point in the com- 
parison of theory to experiment. Finally, three remarks must be added. 
(a) If one considers the quadrilinear interaction terms formed by the mutual 
interactions of two currents, a vector current presumably allows the bind- 
ing of an N-N pair to form a pion. (b) Either in a compound model descrip- 
tion or in one where each particle is elementary, the B bosons are strongly 
decaying particles provided their mass is sufficiently large (m>2m, for 
B®; B® and B® behave like Nambu’s p). This may explain why these 
particles have not yet been observed; but, simultaneously, the question 
arises of understanding the meaning of a Lagrangian containing a field B, 
where B is a strongly unstable particle, or, in other words, a ‘‘resonance.” 
(c) The analogy with electrodynamics is more superficial than it may appear 
at first sight; although the interactions are generated as indicated in 4.4-4, 
gauge invariance, in the sense which it has in electrodynamics, is lost, since 
the B meson, unlike the photon, has a mass. 

In (106) a preliminary discussion is given of some possible experimental 
tests of the theory, using only the static solutions (analogous to the Coulomb 
static potential in electrodynamics). It seems inappropriate to enter into 
this discussion here, first because the theory has to be understood better 
(e.g., the question of the meaning of a Lagrangian in which a strongly un- 
stable particle appears must be clarified), and second because at present no 
firm conclusion can be drawn. Sakurai’s method (106, p. 17) for judging 
whether a theory is or is not correct does not seem to be entirely bias free! 
Again we must end these considerations without arriving at any conclusion, 
leaving for the future the question whether the above ideas are or are not 
correct and useful. 


5. DO THE STRONG INTERACTIONS CONSERVE PARITY? 


There have recently been a number of experiments to answer this ques- 
tion; the most accurate among these try to determine the parity impurity of 
nuclear levels. Three methods have been used: (a) M1-E1 interference in 
nuclear ¥ transitions; (b) search for terms odd in cos @ in 6-y angular corre- 
lations; (c) angular distribution of y rays emitted after absorption of thermal 
polarized neutrons. 

A discussion of these experiments was recently given by Blin-Stoyle 
(111); though these experiments should be continued, it appears from the 
results obtained so far that the parity impurities of nuclear levels are very 
small: F<10-‘ or 10-*, where F is the impurity mixture coefficient in the 
wave function. This means that at least the dominant part of the nucleon- 
nucleon potential, that caused by pion exchange, must conserve parity. It 
is more difficult to say anything about the portion of the potential arising 
from the exchange of strange particles. Results of Fubini & Walecka (112) on 
low-energy pion-nucleon scattering show that, in such a case, the effects of 
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an assumed parity nonconservation of the interactions involving strange 
particles are small. 

It is natural to ask whether one can find reasons for conservation of parity 
in strong interactions (or at least in the pion-nucleon interactions) and not 
in weak ones. The question is, therefore, ‘‘Does there exist some invariance 
property, more powerful than parity conservation, which the strong inter- 
actions must obey and which implies as a consequence parity conservation 
for all (or part of) the strong interactions?” 

A step in this direction (although, for reasons which we shall mention 
later, it is probably a false step) was made independently by many people: 
Feinberg (113), Morpurgo & Touschek (114), Gupta (115), Soloviev (116). 
It was noticed that once time-reversal invariance is postulated (and weak 
interactions, so far, do agree with such an invariance), the pion-nucleon inter- 
action automatically conserves parity if one assumes that: (a) it isa Yukawa- 
like coupling not involving derivatives; (b) it is charge independent (charge 
symmetry is in fact sufficient). 

The proof is simple: write a three-linear interaction between neutron, 
proton, and pion without derivatives; calling n, p, w respectively the neu- 
tron, proton, and pion fields, the most general hermitian interaction with no 
derivatives is: 

(n*ya(a + bys)p)a* + (p*yi(a* — b*ys)n)e 


Invariance under charge symmetry implies that, under the substitution 
n=p, r* =m the above interaction must remain invariant or, at most, change 
sign. Therefore, one must have 


a=+a* b=+ 5.1 


where either the upper or the lower signs are simultaneously taken. But time- 
reversal invariance implies: 


a=ita b=+3* 5.2 


which is not compatible with 5.1 unless a or b vanishes. Therefore, parity is 
conserved. The proof is completed on remarking that for the 7° nucleon inter- 
action a similar property holds (as, in general for any nonderivative inter- 
action bilinear in the same field). 

If we now go to the strong interactions of strange particles and no addi- 
tional assumption is made, it is clear from the proof just sketched that no 
similar theorem can be proved. For instance, the most general nonderiva- 
tive ANK interaction satisfying the requirement of charge independence is 


K*tA*ya(a + bys)p + KotA*ya(a + bys)n + Kptya(a* — b*ys)A + Kon*ya(a* — b*ys)A 
5.3 
Time-reversal invariance implies again, as in 5.2, that a and b have the 


same phase, which in this case can very well be true without either of them 
vanishing. 
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In this situation three possibilities are suggested. (a) The present way 
of explaining parity conservation has no sense; it gives the correct an- 
swer in the pion-nucleon case, but this is just a chance determined by the 
restrictive assumptions we have made. (b) Pion-nucleon interactions do con- 
serve parity but strange-particle strong interactions do not conserve parity. 
(c) The scheme is reasonable, but some additional assumption has to be 
made (besides time reversal and charge independence or charge symmetry) 
so that parity conservation follows from “more powerful” symmetries for 
the strong interactions involving strange particles, too. 

Of course nothing more can be said if possibility (a) is the correct one. On 
the other hand, if (b) is correct one question arises: how could one detect a 
possible nonconservation of parity of strong interactions of strange particles, 
and what is the present experimental evidence on this point? 

In principle the experiments mentioned at the beginning of this section 
on the parity purity of nuclear levels can give an answer to this question; 
we have, however, already mentioned that it is not easy to be sure of the 
amount of parity impurity in nuclear levels induced by a possible noncon- 
servation of parity in strong interactions involving strange particles. An al- 
ternative method is that of studying reactions in which strange particles are 
directly involved. 

Consider, for instance, a reaction like K-+p—Y+7 or r7+p—Y+K and 
assume that parity is not conserved in these processes. One may then have 
a nonvanishing component of the hyperon polarization in the plane of pro- 
duction when such plane is defined, or simply a longitudinal polarization of 
the hyperon when the production plane is not defined. The justification for 
these statements is to be found in the well-known fact that a parity-con- 
serving interaction can only produce a polarization normal to the production 
plane. The above-mentioned polarization can of course be tested by examin- 
ing the angular distribution of the decay products of the hyperon, since 
~+—p+7° and A—p+7 are good analyzers of polarization. The experi- 
ments performed so far at low energy [reactions K-+p—2*++-a (117) with 
K- absorbed at rest; or K~+He‘ interactions (118); or m~+p-—A°+K® 
(119) with 1.12 Gev/c pions] do not provide any evidence for parity non- 
conservation. The errors are still large, however; for instance, in the first- 
mentioned reaction, calling 0 the angle between the line of flight of the 
p from the Z* decay in the rest system of the 2* and the line of flight 
of the 2+, the angular distribution is given in (117) as 1+A cos @ with 
A=0.02 +0.19. 

It must be added, in connection with the associated production reaction, 
that a compilation of cosmic ray and Cosmotron events produced in complex 
nuclei (120) appears to give a statistically significant nonzero value for the 
longitudinal polarization of the A’s. Although it is difficult to understand 
how one could obtain a nonzero average longitudinal polarization mix- 
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ing so many kinds of events and, moreover, the effect is apparently not 
confirmed by some recent production events in complex nuclei at low 
energy (121, 122), it still seems important to improve the statistics in bias- 
free conditions at high energy, in view of the recently reported results of the 
Dubna groups (123). The indications from these groups, who have studied 
A production in a Xe bubble chamber and in a propane bubble chamber, 
with pions of 2.8 and 7-8 Gev, respectively, are in favour of a forward-back- 
ward asymmetry, although the statistics are still limited (~120 and ~200 
A, respectively). 

The situation is obscure, and a high-energy experiment in hydrogen for 
the purpose of clarifying the question would be appropriate. We may add 
that if parity is not conserved it may well be that the longitudinal polariza- 
tion of the produced hyperon is significant only at a high energy of the 
hyperon or, in other words, is a relativistic effect. Also, the study of the 
polarization of the hyperon and the subsequent asymmetries in its decay is 
not the only way to detect a possible parity nonconservation of strong inter- 
actions; another way is to study a reaction in flight with three or more final 
products, one of which is a strange particle, and to look for a possible pseudo- 
scalar formed with the three momenta. A possible candidate for this might 
be the reaction K~+p—Y+a+t+7-. Other examples which illustrate the 
above statement, in reactions involving antibaryons, have been given in 
(124). 

We now briefly consider the remaining possibility (c) (p. 66), confining 
our attention to nonderivative Yukawa couplings; the question is which addi- 
tional symmetry has to be imposed on the strong interactions of strange 
particles, besides time reversal and charge independence, in such a way that 
parity conservation follows automatically. Obviously there is no unique 
answer to this question. If the doublet symmetry were valid one might con- 
sider it the answer (125). In fact, the doublet symmetry (with some addi- 
tional restriction) plus time-reversal invariance implies, for nonderiva- 
tive interactions, parity conservation. Since we know that the doublet 
symmetry is incorrect, we have really no guiding principle to answer the 
above question, so that if the strong interactions of the strange particles do 
indeed conserve parity (and until the contrary is experimentally demon- 
strated this should be, at least, the simplest attitude), it must be concluded 
that our “explanation” of parity conservation fails. This failure would not 
be too surprising because it must be admitted that an explanation of so fun- 
damental a property as parity conservation, based on an assumption as re- 
strictive as the one that the interaction is nonderivative is not really appeal- 
ing. This is what we had in miné when we used the expression ‘‘false step”’ 
at the beginning of this discussion. 

We still believe that conservation of parity (if it is true) has to be ex- 
plained (together, admittedly, with many other things) and that the idea 
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that it must follow from some more powerful symmetry property is funda- 
mentally correct, even if such symmetry property probably is not that con- 
sidered in the above ‘‘explanation.” 

Notice that according to the Fujii-Sakurai prescriptions for constructing 
the interactions, parity conservation is automatically ensured, as already 
noted in (105). This is an interesting aspect of Fujii’s scheme; it is similar to 
the fact that for the electromagnetic interaction parity conservation follows 
automatically from gauge invariance and the assumption of minimality. 


6. DYNAMIC PROBLEMS 


The only two-body reactions involving strange particles at ‘low energy”’ 
on which a reasonable amount of information now exists are the photo- 
production reactions, associated production by pions, and K-N, K-N reac- 
tions. We shall concentrate almost exclusively on the K~-N reactions which, 
in recent times, have been the most carefully studied experimentally (8a) 
and theoretically. Only a few comments will be added on the reactions of 
associated production by photons and pions (Sect. 6.9) and on the Kt-N 
reactions (this section); the situation in hyperfragments has been reviewed 
rather recently (8c) and will not be considered in this survey. 

First, we must clarify briefly why little progress has been made in going 
beyond a phenomenological treatment; generally this depends (using the 
language of perturbation theory) on the large number and variety of inter- 
mediate states which are near the energy shell and on the large number of 
interaction terms about which nothing is known. The situation, in this 
respect, is certainly more complicated than that existing in low-energy pion 
physics. The case of K*-N scattering will show this clearly. 

The low-energy K+-N scattering reactions are among the simpler of all 
the strange-particle reactions: below the threshold for 7 production only one 
channel exists for K+-p scattering (T=1) and two (T=0, 1) for K*t-n scat- 
tering; but in the absence of a guiding principle, the interaction terms to be 
considered are at least: (N-A-K), (N-2-K), (4-a-K-K), (K-K-N-N) where the 
four coupling constants and the relative parities of A, = are all unknown. One 
can understand how a treatment of the four interactions based on perturba- 
tive or Tamm-Dancoff-like methods has led, so far, only to tentative con- 
clusions.!® This being the situation for the ‘‘simple’’ K*-N reactions, it is 


19 The following remarks are appropriate here: 

(a) The experimental data on K*t-N reactions are reasonably accurate only for 
the K*-p reaction: o(K+tp—Ktp) is ~14 mb for Tx <100 Mev (7a, 162) and increases 
slightly (59, 162), if at all (163), above this value up to an energy of 400 Mev (59). 
The angular distribution (center-of-mass system) is consistent with isotropy, an 
analysis in terms of S waves being sufficient only up to 400 Mev (163); the Kt-p 
potential is repulsive. For the Ktn—K*tn and K*n—Kp reactions, the experimental 
information is, in our opinion, essentially qualitative since it has been obtained in- 
directly through complicated analysis of scattering in complex nuclei (7a, 164, 165). 
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clear why it is not profitable to go beyond a phenomenological treatment in 
examining the K~-N reactions. We shall now give such a phenomenological 
description which, by the way, contains some new points of interest in this 
problem. 

6.1 K--N reactions —The list of “low-energy” K~-p reactions is given 
in Table III. The phenomenological treatment of these reactions has been 
developed in great detail by Jackson et al. (129), Dalitz (7b), Dalitz & Tuan 
(130, 131), Salam (8b), Matthews (9c), and Ross & Shaw (132). There is 


TABLE III 


REACTIONS AND BRANCHING RATIOS FROM K~—p ABSORPTION AT REsT (8a)* 








K-p —> Sat — Stem > Soe se Ale Ate 


0.44 +0.01 0.20 +0.01 0.28 + 0.03 0.08+0.02 0.0013 +0.0006 





* For K~—n reactions (from K~—D scattering and absorption) compare (89). 


little doubt that this problem, together with K*-N scattering, will play for 
strange-particle physics the same leading role that low-energy pion-nucleon 
scattering has for pion physics. 

The treatment of low-energy K-N reactions by the authors mentioned 
above has three points of particular interest: (a) it may give indications 





The main qualitative features are a very small exchange versus nonexchange scattering 
at low energy which increases rapidly with the energy (162, 164) and, apparently, the 
necessity of a strong P wave in the T=0 state. The K*-D experiments (163) in con- 
nection with an analysis like that of (166, 167) will soon, presumably, allow a more 
quantitative determination of the behaviour of the K*-n reactions. 

(b) The conclusion contained in (126) that the N-A-K and N--K interactions, 
treated by the Tamm-Dancoff method using both pseudoscalar couplings, are not in 
themselves sufficient to explain the K*+-N scattering may well be correct; but it is 
based in (126) on the use of experimental data [summarized in (7a)] which, if true, 
would violate at low energy the relation do(K*n—Ktn)+do(K*n—K%p)> 
3do-(K*p—K*p) that is implied by charge independence. _ 

(c) If a pseudoscalar interaction is assumed both for NAK and NK and if a 
lowest-order perturbation calculation is made (127), the K*-p potential proves to be 
repulsive, as it is. Also, the energy and angular dependence of the K* process prove 
to be essentially correct, although the slight increase in o(K*p—-K*p) with energy is 
not reproduced. The exchange cross section does not show, however, the increase 
with energy and the strong angular dependence which it is asserted to have. A pos- 
sible way for explaining the data perturbatively, assuming opposite 2,A parity and 
a K-K-n-m interaction has been suggested by Barshay (128). 

(d) If some credit is given to the perturbative calculation with pseudoscalar K and 
Paxy=1, the value (f?/42)&2 is obtained by fitting the K*-p elastic cross section and 
assuming fvax?=fwox?=f*. It is this value which was mentioned at p. 58. 
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about the range of the K-N interaction; (b) it can make some predictions 
on the Y-m scattering matrix elements; (c) it may yield information con- 
cerning the degree of validity of perturbation theory at low energy. 

The experimental situation in regard to these reactions is summarized 
by Table III and by Figures 1 and 2. A large amount of experimental data 
of considerable precision exists (135) in the region of momenta p, from 
300 Mev/c to 1.15 Gev/c, but we shall consider only the low-energy region 
under p, ~200 Mev/c. The following statement describes the present experi- 
mental situation in this region: (a) The total cross section for elastic scatter- 
ing de) decreases in this region from ~90 mb for pr = 100 Mev/c to ~55 mb 
for pp =250 Mev/c with ~15 per cent errors. The charge-exchange cross 
section dex is 6 to 7 times smaller than the elastic cross section. (b) The 
angular distributions for elastic scattering and for 2-m production are, apart 
from Coulomb effects, consistent with isotropy up to at least pp = 250 Mev/c. 
(c) The ratio 2~/2* changes from a value ~2.2 at rest to a value 1 
at pp =175 Mev/c. Both the numerator and the denominator decrease with 
increasing pz; the 2~ and Z* production cross sections are given separately 
in Figure 2. 

The phenomenological treatment which follows is based on the assump- 
tion that in the low-energy region it is sufficient to consider S waves of the 
K-N system; such treatment may be conducted at four levels of accuracy, 
indicated in what follows as approximations 1, 2, 3, 4: 

(1) One simply introduces two scattering lengths (129): 


Ao = do + tho A, =a+ih 


in the T=0 and T =1 states; one expresses the scattering, charge-exchange, 
and absorption cross sections in terms of A°, A;; the effects of the mass dif- 
ference between K°® and K~ and the Coulomb forces are neglected at this 
stage. 

(2) Proceeding along the same line as above, one takes into account the 
mass difference effect (130, 136). 

(3) The Coulomb forces are also included (131, 137). 

(4) The whole problem is reconsidered from the start (131) by using, 
instead of a scattering-length approximation, a reaction matrix description 
where more parameters are needed. It is then possible to have expressions for 
the absorption cross section and for the scattering cross sections in the vari- 
ous hyperon channels (138). 


20 Ferrari, Frye & Pusterla (133) have investigated the effect of a K-K-x-x matrix 
element on low-energy K-N reactions and, in particular, whether such a matrix ele- 
ment is compatible with the assumption of constant scattering length. Note that the 
two-pion exchange determines the longest-range part of the K-N “potential.” With 
the assumptions made in (133) in the estimate of the (K-K-x-x) matrix element, the 
effective range term proves to be not negligible, but little justification yet exists 
for such an estimate which, according to calculations of Lee (134), appears to be in 
contrast with K+-p scattering. 
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In the following we first give the formulas for og and Gex, @abs™, 
gaps in approximation 2, next state their relation with the simple ap- 
proximation 1 and briefly describe the problem of determining the scatter- 
ing lengths from the experimental data. We next describe the predicted be- 
haviour, as a function of energy of the quantities of interest and the meth- 
ods that can be used to discriminate between the several sets of amplitudes 
which, at the present moment, are all compatible with the rough existing 
experimental data. We finally consider the more complete treatment, using 
the reaction matrix (approximation 4). 

6.2 The scattering-length approximation.—As shown by Dalitz & Tuan 
(130) a scattering-length approximation is equivalent to a boundary condi- 
tion on the logarithmic derivative of the radial S-wave function wur(r) 
(T=0, 1=isotopic spin index) for K~-nucleon scattering: [wr’(r)/ur(r)]-=0 
=Ar}, 

From this boundary condition the cross sections are easily obtained in 
the approximation 2: 


A,(1 — ik’Ao) + Ao(1 — ik’A;)|? 








— 








A 
6.2-1 
k’| Ay — Ao}? 
he @ YF eee 
k A 
4r_ |1 — ik’A,|? 4r_ |1 — ik’Ao|? 
abe”) == —by|————| , abe) = — 5, |———_—— 6.2-2 
—" st es a 














where: 
A=1- Zi(k + k')(Ay —~/ Ao) sad kk’ A,Ao 

k=4/2uTx=wave number of the K~ in the center-of-mass system, and 
k' = /k?—ko? or i/| k*—ko?|, respectively, for k >Ro or k <ko, ko being the 
wave number of the K~ at the (center-of-mass) Ko threshold. 

The formulas in approximation 1 are immediately obtained, using 
k'=k, that is, 4o=0. Then if we also write: 

kcotéz = Ar 6.2-3 

thus defining (in the scattering-length approximation) a complex phase shift 
dr, it is easy to demonstrate that the formulas 6.2-1 and 6.2-2 reduce to the 
usual (129) 


on = = | $(1 — exp 2i6:) + 4(1 — exp 248) |? 6.2-4 


Cex = = | £(exp 2i5) — exp 2i8,) |? 6.2-5 


and 


Cate) = = (1 — | exp 2i87|?) 
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6.3 The determination of the scattering lengths (7b, 130).—Assuming we 
have the values of gsc, Gex, and oaps°7 (T =0, 1) at one energy, we can derive 
from the four equations 6.2-1, 6.2-2 values for Ao, A:, that is, for (ao, bo) 
(a1, bi). 

This would indeed be easy in approximation 1. In fact, writing 
67 =a7+iBr7, Equations 6.2-6 univocally determine Bo, 61; and using next 
Equations 6.2-4 and 6.2-5 we can determine a and a. Four different pairs 
(ao, @1) are obtained in this way; two of them differ from the other two only 
in a simultaneous change in sign of ap and a;. Corresponding to these four 
solutions for 60, 61, we obtain, using 6.2-3, four solutions for Ao, A1, two of 
which are obtained from the other two, changing simultaneously the sign of 
do, a1. As we shall see (Table IV), two of the solutions obtained using present 
data have a positive sign both for ao and a;; they are called the (a+) and 
(6+) solutions. The solutions obtained by changing the sign of ao, a; in the 
previous ones are respectively called (a—) and (b—). 

The determination of Ao, Ai, when formulas 6.2-1 and 6.2-2 valid in 
approximation 2 are used and when it is again assumed that the four cross 
sections Osc, Tex, Tabs are experimentally known at some energy>>kg?/2y, 
is similar to that discussed above in approximation 1. Indeed, if k>>ko the 
formulas of approximation 2 tend toward those of approximation 1. In addi- 
tion, for k>ko the formulas possess the reflection property Ap=—Apo*, 
A,2—A;* corresponding to the invariance under reversal of the sign of the 
real part of Ao, A: discussed above. 

The determination of Ao, A; becomes, however, much more complicated 


TABLE IV 


Dauitz & TUAN VALUES OF THE K-N SCATTERING AMPLITUDES* 
(in 10-8 cm) 











Solution @ (130) Solution 8 (131) 
(a+)Ao= 0.20+0.76% Ai= 1.62+0.38% Ao= 0.24+0.8% Ai= 1.6 40.4 ¢ 
(b+)Ao= 1.88+0.82% Ai= 0.40+0.417 Ao= 1.641.6¢% Ai= 0.7 +0.22¢ 
(a—)Ao= —0.204+0.76% A1=—1.624+0.38% Ao=—0.3+1.6% Ai1=-—1.0 +0.18% 
(6b —)Ao= —1.88+0.82% A1=—0.40+0.41¢ Ao=-—1.840.6% Ai =-—0.33+40.5 ¢ 








* Note added in proof: The more exact analysis mentioned in the text has been 
completed (R. H. Dalitz, Revs. Mod. Phys., to be published) but is not available to 
the author. Corrected expressions for the (a+), (a—) sets, as reported by King et al. 
in Phys. Rev. Letters, 6, 500 (1961), are: 


4 +0.2 +0.09 
(a+) Ao=0,05(40.2)4i1.10( ) i dvm45¢40.2) 440.35 ( )| 
—0.3 —0.07 


2 +i2.00(+0.35); Ai= —0.85(+0.15)+20.21(+0.04) | 





7 (* 
(a—) | AoX—0.75 
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in the present experimental situation; in fact, we have no knowledge of 
Tabs, Tabs because 


Gabe"? = 20(A) + 20(Z*) + 20(Z-) — 40(2°) 
Cabs) = 60(Z) 


and o(A®°), (2°) are not experimentally known. 

All one can do (130) is to replace the two Equations 6.2-2 with two 
other relations connecting Ao, A: to experimentally known quantities, by 
using some assumptions and information on the branching ratios from K- 
absorption at rest (Table III). The first relation is the following: 


o(2*) + o(2-) = Foare™ + 9(1 — €)oars’ 6.3-1 
Here € is the fraction of A hyperon production in the T=1 state: 
€=20(A)/oavs™; the assumption is made that ¢e is energy independent and, 


therefore, equal to its known value for K~ absorption at rest. The second 
usable relation is: 





(tabs /oabs) K—- at rest = R 6.3-2 


where R is again experimentally known. It should be noted that both 6.3-1 
and 6.3-2 imply the assumption that the K~ absorption at rest takes place 
from S states. This is probably valid in view of the arguments by Day, 

: Snow & Sucher (45); however, it would be preferable to have values, at, 
say, bp = 175 Mev/c for o(2°) and o(A®) also or at least for their sum. 

The use of 6.3-2 makes the determination of (Ao, A1) more complicated; 
in fact, as formulas 6.2-6 show, at k<ko both caps and gaps and their 
ratio lose the Ag=2’— Ao*, A12—A* symmetry so that the four solutions for 
Ao, A; obtained in approximation 2 by the use of 6.3-2 are all unrelated. 

Two actual determinations of Ao, A; have been made so far; both are 
based on the values of oe, Gex, o(2*)+o0(2-) at pp =175 Mev/c and on 
Equation 6.3-2 at rest. The values assumed for the above cross sections are 
those given in Figure 1b (8a). The values taken for R and for € are, in one 
calculation (to be called a), based on approximation 1:R=2, e=0.2; in the 
other (to be called 8), based on approximation 2: R=4, e=0.2. The values of 
Ao, A; for the four solutions are reported in each case in Table IV. 

The best values for R and e are R~6, €~0.5, so that a third determina- 
tion of Ao, Ai, which also takes into account the errors, would be needed. 
Apparently such a calculation is in progress (131, 139), but since no results 
are available now we shall simply report the results based on the sets of Ao, 
A; as determined above. 

It is expected that most of the qualitative features of the conclusions to 
be reported below will continue to be valid in the more exact solution, but 
before a more quantitative investigation can be attempted it appears es- 
sential to reduce the experimental errors and obtain sufficient information 
to determine Ao, A; from data at one energy. 

We end this section with a comment on the inclusion of the Coulomb 
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force (approximation 3). Although the formulas for the various cross sec- 
tions are, of course, affected by the Coulomb force, the modifications at 
bi =175 Mev/c stay within present experimental errors (137). Also, the ex- 
pression of R (6.3-2) in terms of Ao, A: is not affected by the Coulomb force 
so that, as far as the determination of Ao, A: is concerned, no error is made, 
with the present data, in neglecting the Coulomb force. It is essential, how- 
ever, to make use of the Coulomb corrected formulas to compute the angu- 
lar elastic distribution as well as the total elastic cross section at apy, <120 
Mev/c. 

6.4 Comparison of the scattering-length approximation with experiment.— 
The question now is which among the four solutions Ao, A: is the correct one. 
While in the ideal situation of no experimental errors this question could 
be answered immediately and, at the same time, the correctness of the scat- 
tering-length approximation might be checked, this is not so easy with the 
present data. 

Let us examine some points in detail: 

(a) The Coulomb nuclear interference in K~-p elastic scattering might 
allow a choice between the plus and minus solutions. The plus solutions 
imply positive interference, the minus solutions imply negative interference; 
these interferences change the angular distribution near the forward direc- 
tion and increase or decrease the total elastic cross section (compare Figure 
ib). Their effects are important for ; <100 Mev/c. The angular distribution 
data did initially appear to be in favour of the plus solutions, but it was 
later realized that the errors are still too large to allow a definite conclu- 
sion (8a). 

Similarly, the behaviour of the total elastic K~-f cross section as a 
function of pr, for p, <100 Mev/c might permit a choice among the four 
solutions if reliable data in the low-momentum region were available. This is 
shown in Figure 1a. Figure 1b shows that if the preliminary evidence of a 
decrease in the elastic K~-p cross section at pr <100 Mev/c, based on emul- 
sion work (7a, 140a), is confirmed [but the most recent emulsions results 
(140b), also included in Figure 1b, apparently do not provide such confirma- 
tion], the (a—) solution would be preferable to the other solutions. It can be 
seen that the cross sections of Figure 1a would all increase with decreasing 
px if the Coulomb force effect were not included. It is this last effect which, 
as shown in (137), substantially reduces o,; at low momenta for the minus 
solutions and thus might produce agreement with experiment for the (a—) 
solution. 

(b) The charge-exchange cross section does not make it possible to dis- 
tinguish between the various sets of amplitudes; its energy dependence is in 
qualitative agreement with the predictions for all the sets. 

(c) An interesting difference in the behaviour of w-Y scattering is pre- 
dicted with use of the various solutions (141). To see this clearly, however, 
a generalization of the simple scattering-length approximation used so far 
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is needed: the reaction matrix treatment (131) (approximation 4). This we 
shall consider next. 

6.5 The reaction matrix treatment: -Y scattering and 2~/=* ratio — Above 
the energy E;= M,+mx two S matrices are necessary for a complete descrip- 
tion of the phenomena, one for the J=0 and the other for the T=1 state. 
The first is a two-by-two matrix (states KN, =x) with matrix elements 
Sxx, Sky, Syy; the second is a three-by-three matrix (states KN, 2a, An). 
Here we consider negative Pxyn so that only S waves intervene in all chan- 
nels; we also fix our attention for simplicity on the T=0 states. If E<E; 
this 7 =0 matrix will consist of the single element Syy which corresponds to 
m-Y scattering. The following is designed to show that Syy for E<£; is 
related to the parameters characterizing the S matrix (T=0) for E>E,. 
These parameters, if the following approximation is valid, are simply Ao 
(the scattering length for the T=0 state of the previous section) plus an 
additional parameter which can be taken to be the r- Y¥(T=0) phase shift 
at E=E,. Some important features of the Y-z scattering at E <E; may be 
predicted with the knowledge of Ao only. 

The approximation referred to above will now be explained: introduce, 

instead of the S matrix, the reaction matrix K defined by the well-known 
equation: 
_ 1+ in8(E — HK 
1 — ix’(E — Hy)K 
If time reversal is valid, K is a real symmetric matrix. The assumption now 
is that (for S waves) the matrix elements of K are energy independent. With 
this approximation, which is the generalization of the scattering-length ap- 
proximation of the previous section, the result described at the beginning of 
this section can be proved as follows: call a, 8, and y the (energy-indepen- 
dent) matrix elements: 


a = (KN | K| KN), 8 = (KN| K|xrY), y = (Y¥xr| K| Yx) 
With some algebraic calculations it then follows that, above E,, 
_1+4ikA 
- 1—GkA 





S 6.5-1 


SKK 


where 


A =a+ ib =a+ ip*(Mz/E)g[1 — i(Mz/E)qy] 6.5-3 


Here gq is the center-of-mass momentum of the 7-2 system corresponding to 
total (center-of-mass) energy E. Notice that A (and of course a, b) are func- 
tions of g; but since g/E is a slowly varying function of EZ, the quantity A 
is a slowly varying function of Z, and the scattering-length approximation 
of the previous section essentially corresponds, in this description, to the 
assumption of constant a, 8, vy. We may identify the Ao of the previous sec- 
tion with the A as given by 6.5-3, calculated, e.g., at E= Ey. 








78 MORPURGO 


Now, using 6.5-1 again, one can similarly show that above E; 


1 — ikA* 
=o j 6.5- 
Syy l—ikA exp 2iA 5-4 
where 
tan \ = (Mxq/E)y 6.5-5 


The statement given at the beginning of this section, concerning the knowl- 
edge of Syy below E; from the parameters above E;, follows immediately 
from 6.5-4 by the simple substitution of k with +ik =i+/2p| E-E;| in 6.5-4. 
We obtain 


1+kA* 
Syy = a exp 2id 6.5-6 


Note that 
| Syy(E < E)|* =1 


The result 6.5-6 was obtained by Dalitz & Tuan (141). It is, of course, 
valid only not too far from E;, because otherwise the assumption of con- 
stant a, B, y breaks down. 

We can now write the Yr Ym cross section (below but not too far from 
E;) as! 

mw (—bk cosd + (1 + ka) sin d)? 


oyy(E<E,) = wf} (1 + ka)? + BS? 6.5-7 





One can check that for b+#0 the above cross section reaches a maximum 
value, corresponding to a resonance, for 


1 


ky = — —————_ 
a+ btandA 


Now it can always happen, as this formula shows, that A or equivalently y 
has, accidentally, so to speak, a value such that a resonance exists for some 
preassigned k,. This can not be excluded, but is not particularly interesting. 
The interesting conclusion is that independently of the value of y, a reso- 
nance must exist” in the interval from m,+my to E;if a is negative and suffi- 
ciently large (so that k, >0 but k,?/2u <E;— my —m, and not toofar from E;).”* 

We recall now that if the (b—) solution were the correct one, do (as given 
in Table IV) is negative and rather large, so that in such a case a resonance 
in the J=0 state should presumably exist below E;. 


#1 Notice that according to 6.5-3 and 6.5-5, b and sin \ go to zero together with gq 
as of course they must do. 

2 The physical argument underlying these Dalitz & Tuan resonances is (131) that 
if the real part of the scattering length is negative and large for T=0 or for T=1, a 
bound state of the K-N system in the corresponding T state can be expected. The 
existence of a coupling with the Y-r system induces a more or less fast decay of such 
a state, which in the Y-x scattering manifests itself as a (more or less broad) resonance. 
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So far we have considered the T =0 state for simplicity; but similar con- 
clusions are valid for the 7 =1 state, though in this case the situation is 
much more complicated, because instead of the single indeterminate pa- 
rameter y (or A), three unknown parameters appear in the formulas. One 
can nevertheless predict a resonance below £; in this case also, provided 
that a is negative and sufficiently large.“ This happens to be true for the 
(a—) solutions; so that, if this prediction is correct, a resonance should be ex- 
pected in a J=} state at some energy below E;. Whether or not this is the 
m-A resonance recently discovered (compare Sect. 6.7) is a question which 
cannot yet be answered, because too little is known on such -A resonance. 
Certainly, if the pion-lambda resonance proves to have J =3 and if more ac- 
curate future data confirm the large value of a; in the (a—) solution, the 
minus solution will be more clearly indicated. 

Summarizing, we can say that, presently, the energy dependence of the 
K--p scattering cross section as well as the 7-A resonance provides weak indi- 
cations in favour of the (a—) solution. 

The Coulomb interference in the angular distribution (8a) provides a 
weak indication for the (a+) or (6+) solution. An additional argument for 
the (2+) [or (b—)] solution which we cannot explain in detail here might 
be provided by the energy behaviour of the 2~/Z* ratio if the points at 
pu~90 Mev/c in Figure 2 are believed. In fact, if the (a+) or (6—) solu- 
tions are correct, the strong energy dependence of N(2~)/N(Z*) might be 
explained (131) as a cusp effect (at the K® threshold). 

Finally, the K-n scattering (which takes place entirely in a T=1 state) 
obviously might provide independent evidence for the determination of the 
amplitudes. In particular, the elastic cross section for an (a)-type solution 
is expected to be larger than that for the (b)-type solutions. Calculations 
(142 a, b) for K--D elastic plus inelastic (but not absorptive) scattering at 
b_=200 Mev/c appear to rule out the (a+) solution if the preliminary value 
of ¢=100+ 25 mb for K--D nonabsorptive scattering is accepted. Again, the 
experimental evidence is only preliminary. 

6.6 The validity of perturbation theory in K--p absorption processes.— 
To complete this section we reproduce an observation of Dalitz & Tuan 
(131) which shows the nonvalidity of perturbation theory for K-N-Y inter- 
actions, in this kind of phenomena at least, using the present solutions Ao, 
A,. The observation is the following. One can show, using the K matrix 
formalism in a way similar to that by which 6.5-2 and 6.5-4 have been de- 
duced, that the KN-— Yr transition matrix element Txy in the T=0 state 
is given by: 

q'!*k-!!2T xy = exp (id) -b1/2(1 — iak + bk)-! 

* This is true at least for some choice of the above three parameters; whether it 
is true for any choice is not clear from the treatment in (131). Note added in proof: 
Compare, however, R. Dalitz, Phys. Rev. Letters, 6, 239 (1961). Also, if Pas = —1 the 
possibility of S and P waves must be considered. 
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Call f the K-N-Y coupling constant; since the leading term of dD in an ex- 
pansion in f is of order f?, one is entitled to write, if a perturbative expansion 
in f is valid, 

q'!*k-!2T xy = exp (id)b/2(1 + iak — bk) +-:- 6.6-1 


Dalitz & Tuan observe that the term }*/2k for pp =175 Mev/c has, for any 
of the previously discussed solutions, a value not less than 0.4 and cannot be 
cancelled by any other terms of order f* because, in the expansion 6.6-1, it 
gives rise to the only term of order f* which is real and proportional to k. 
Therefore, a perturbative expansion of this T-matrix element is certainly 
not a fast convergent one. 


THE Y-a@ (AND K-m) ‘‘RESONANCE”’ 


6.7 A maximum in the Y-m cross section has been recently discovered 
(143a, b), through study of reactions like 


K- +92 V+at+e- 6.7-1 


The preliminary data refer to two momenta of the K meson, p, = 1.15 Gev/c 
(143a) and p, = 760 Mev/c (143b). Although the available data are still pre- 
liminary and things will rapidly change, it seems appropriate to give a de- 
scription of this phenomenon here.™* It appears that in the larger fraction of 
the events (130 over 170 at 1.15 Gev/c) the Y produced in 6.7-1 is a A. 

For each of these events the kinetic energy of the a* and a can be in- 
serted in a two-dimensional diagram; this should be uniformly populated 
inside a certain region if the phase space alone dominates the reaction (and 
if only S waves intervene in the final state). This plot is given in Figure 3. 
In addition, the separate T,+ and 7,- distributions are projected. The exist- 
ence of a maximum at the energy 7, =280 Mev is evident both in the m* and 
in the m~ distribution (as far as the first maximum in the a distribution is 
concerned, this is produced by the very existence of the * maximum). The 
two maxima at T,+ and T,-=280 Mev are interpreted in (143a) as showing 
that a considerable fraction of the reactions 6-7.1 goes through 


K-+p— Yet + 47 6.7-2 


with a subsequent decay of the Y**: Y*t—A°%+47+. The resulting average 
mass of the Y* is 1380 Mev; its (Breit-Wigner) half-width is 32 Mev. 

The difference in height of the plus and minus peaks is interpreted as cor- 
responding to different amplitudes for the two reactions 6.7-2; since the Y* 
has T =1 and the initial state is a coherent superposition of T=0 and T=1 
states, this is entirely possible. 

Two important questions must be answered by the experiments: 

(a) Which is the branching ratio for decay of the Y* into A+ and 


238 Note added in proof: The situation in March 1961 is described by M. Alston & 
M. Ferroluzzi (UCRL-9587) and Berge et al., Phys. Rev. Letters, 6, 557 (1961). 
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Fic. 3. The situation on the z- Y resonance: corresponding to each observed event 
with given 7;+ and T;,- (the kinetic energy of r+ and x7), a point is plotted in the 
central diagram; the diagram is then projected on the 7,+ and 7;- axes (143a). 


°+-7; note that the figures given before (~130 A over 170 events of kind 
6.7-1) do not answer this question because it is not known how many 2° 
have been produced through the resonance. The above figures are only an 
indication of a small 2°-to-A°® ratio. We may remark that the product pR, 
where # is the center-of-mass momentum and R is the interaction radius, 
ispR~0.6ifaZ°is emitted andif the value mr—'is assumed for R, so that, if it 
could be established that the Y*-A+ goes in an S/2 channel, a small 
branching ratio A-to-2° decay would be an indication, but certainly not a 
proof, of opposite Z, A parities. 

(b) The question of the spin Y* is a fundamental one. It can be inves- 
tigated with the methods discussed in detail in (1; cf. 144), namely, the 
Adair method, and the search for anisotropies in the standard angular dis- 
tributions. 

The data, so far, are too preliminary to be worth reporting. If the spin 
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proves to be 3, the chance that we are dealing with the Dalitz & Tuan 
phenomenon increases considerably. Note that the Y* has a mass ~50 Mev 
below the M,+mx rest mass. If, on the other hand, the spin is } (and 
Pay =1), this would be a point in favour of the identification of the Y* with 
the resonance for the Y-m system indicated by global-like symmetry argu- 
ments, as summarized in the next section. [Recently, evidence for a K-r 
resonance K*~ at a total, center-of-mass energy of 885 Mev has been pre- 
sented (145) through study of the reaction 
K-+ p> K+ ptr 

with incident K~ of 1.15 Gev/c and using methods of analysis similar to 
those described above in connection with the Y* resonance. From the branch- 
ing ratio in decay (K~+7r° versus K®°+ 77), a value 3 for the isotopic spin of 
the K* is favoured, but the evidence is still preliminary; there is now little 
evidence on the spin. The K-a resonance, because of its large mass, should 
not be important for low-energy K-N scattering, but may soon contribute 
to an understanding of the K-K-x-z interaction. The results of (34), show- 
ing a cross section for K-K production larger than that for Y-K production 
with high-energy 7 to 8 Gev m~ on propane, should also be taken into account 
in such an analysis.] 


GLOBAL SYMMETRY AND Y* RESONANCE 


6.8 Which are the detailed predictions of global symmetry for #-Y 
scattering in p states? The expression global symmetry is used here in a 
much looser sense than that used in Section 4.2. Several authors (85, 146a, b, 
147a, b, c) have considered the following question: which are the predictions 
for w-Y scattering of the fixed source model or of some more refined but es- 
sentially equivalent model, all these models being treated in analogy with 
what is normally done for P-wave pion-nucleon scattering? The assumptions 
are made (a) that both A and 2 interact with the pion only in P states 
(Pax =1) and (0) that diagrams involving K intermediate states can be en- 
tirely neglected in calculating 2- Y scattering. This is certainly untrue for S 
states, as the phenomenological treatment shows; it may (or may not) be 
reasonable for P states. While the Dalitz & Tuan resonance is a general 
phenomenon, the conclusions drawn in this section will be derived with the 
use of a model and of many assumptions. Also, the number of parameters is 
rather large so that the results are certainly too flexible; however, a typical 
conclusion of this kind of attempt will be briefly described here, following 
the treatment of Amati, Stanghellini & Vitale (146). 

Define ga and gs through the matrix elements of the interaction for emis- 
sion of a physical pion with momentum gq in a transition between the physical 
A and & states, as specified below 


P= 
(A | Vee] 25) = ten 4/ uige-a 
@ 


Qe 
(2s | Ves | 23) = 24/ u(q) 8+ Gein 
. 
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where u(qg) is a cutoff function; we next put A= My— My, and 


1 ,_9wq') 
me zi. ~ w'*(w’ — w) 


Here and in the following, w is defined as w= E— my, E being the total energy 
of the state. The matrix elements of the K matrix in the T=0, 1, 2 states 
with J=} and J=3, respectively, may be calculated using the method of 
Bosco et al. (146c) and have the form Nz2y™/D2;7; the denominators D,;” 
are reported below as given in (146a) :*4 


Dj° = 1 + 2(2gz? — ga*)Iw + 4(ga? — gx*)IA 6.8-1 
D;! = {1 — 2(gs? — ga*)Iw + (2gs? — 4ga*)TA] (1 — 2ga*Iw — 2ga2TA) —8gs*ga%w*l? 
D;? = 1 — 2(ga? + gs?) Iw + 2(2ga? + gs*)IA 


The resonance energies are simply the zeros of the above D2". The existence 
and position of such zeros may be examined as a function of ga, gs or, equiva- 
lently, of the two parameters 
Ss 2 

ga? + gz? 2 gz*+ ga?* 
The energy dependence of I (w) is neglected. If g,42~gy* or, more precisely, if 
§ <0.3, only the T=1 and T =2 states with J = } have resonances, there being 
no resonance either in the T=0, J = 3 state or in the J/=} states. The T=1 
and J =2 resonance energies may be written, as is clear from 6.8-1 and 6.8-2, 


Exes! = m4 + wrest = 2+ my — 4A — §A5 
Exes? = ma + ores? = Q + my + §4 + $45 


Assuming that 2=290 Mev as in the pion-nucleon case, one obtains for 
5=0 E,.;'= 1365 Mev in reasonable agreement with the data. It does not 
seem appropriate to insist on the meaning of this coincidence; more interest- 
ing is a definite prediction which can be read from 6.8-3: if the resonance 
which has been found corresponds to Eyes', a resonance in a T=2 state must 
exist atan energy Eye,'+2A[1+(26/3)]. Other predictions of the model are the 
widths of the resonances and the branching ratio for decay in A® or 2°; this 
last quantity depends sensitively on 6. The data are, however, still too pre- 
liminary to allow a discussion. We only add that if the condition 6 <0.3 is not 
fulfilled and if, e.g., g,?>>gs?, the model predicts resonances in all the three 
J =} states and in the states with J =} having T=1. 

If the spin of the Y* proves to be 3, this observation increases the inter- 
est of determining whether the A-m state is S1/2 or P12. 


6.8-2 





6.8-3 


ASSOCIATED PRODUCTION BY PHOTONS AND PIONS 


6.9 We shall complete this survey with some comments on the reactions 


* Also the expression for D,” as well as those of Ny? is given in (146a). Note added 
in proof: The same expressions for the D’s have been obtained by M. Islam, Nuovo 
cimento, 20, 161 (1961) using a different method; in addition Islam has estimated the 
effects of the A interactions, neglected in (146a, b), finding them to be small. 
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of associated production of strange particles by photons and pions. This 
section is only a bibliographic introduction to the subject; it is inserted be- 
cause, in conjunction with the remarks on the Kt-N scattering (p. 68), the 
reader may get an idea of the present status of the most extensively studied 
low-energy reactions. 

(a) The reactions y+p—Y+K (Fig. 4) have been considered perturba- 
tively by Kawaguchi & Moravesik (148), by Fujii & Marshak (149), and by 
Capps (150). Even if we assume that only the V-K-A and V-K-2 interactions 
intervene in this problem, there are a number of unknown quantities: in addi- 
tion to Payx and Pywyx, the two coupling constants fawx and fswx and 
all the anomalous magnetic moments. If we consider only the reactions 
Y¥+p-2°+Kt or y+p—A°+K? [although, as pointed out in (150), the 
cross sections for some of the reactions with a charged hyperon may be 
larger than these], the intervening magnetic moments are pao, wyo and pr, 
this last quantity being defined as the matrix element of the magnetic mo- 
ment operator between the A and = states: wr= <Ao|u|2Zo>. The above 
parameters are too many to allow any conclusion; but if the K interactions’ 
contribution to the magnetic moments is neglected, we have pao=yy0=0. If, 
in addition, the assumption of global symmetry is made, we have pr=pz+ 
= 1.8 nm; therefore, the individual cross sections depend only on the value 
of fawx and feyx and on Payx, Pzyx. Capps assumes, for simplicity, that 
fanwx? =fenx? and considers both parities and both the cases fawx/fewx =1 and 
fawx/fsnwx = —1. The main difference between the cases of even or odd parity 
is that, for even Pywx, the strong dipole term in sin’@ is expected to be pres- 
ent even at low values of the photon energy (50 to 100 Mev above the thresh- 
old). Some evidence for this sin?@ term apparently exists (151a) in 2° and not 
in A production, but the errors are still so large that any conclusion is ex- 
tremely premature. 

As far as the values of fawx and fywx are concerned, the results of 
McDaniel e¢ al. (151) are compatible with fawx/fenx = —1; for odd Panx 
one obtains fawx?/4a~2, for even Panx, fanx?/4m is only 0.063. 

Whether or not a perturbative treatment has some validity for low- 
energy photoproduction cannot be said at the moment, but it would be a 
mistake to draw premature negative conclusions in this respect. 

(6) The cross sections and angular distributions for reactions 
a+p—Y+K have been summarized in Figure 5; for information on the 
polarization of the hyperon at several energies and angles compare (27) and 
(152). 

It appears from Figure 5 that the total cross section of r~+p—-A+K° 
has a maximum somewhere in the interval 7,-,~910-1000 Mev. This 
energy is near to that of the third m~-p scattering (~900 Mev) resonance, so 
that the presence of the maximum itself might be related to such resonance. 
If so, it is interesting that the angular distribution as well as the angular 
dependence of the polarization can be fitted in terms of s and p waves only 
[for such a fit compare (152)]; this would mean that the third resonance has 
at most J = 3 for odd Pawr. If, on the other hand, it could be established by 
independent methods that the m~-p resonance is Ds;z (for odd Pagy) or has 
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J higher than § (there are indications of this), a strong presumption would 
exist for the unreliability of an analysis in terms of S and P waves only, and 
this would indirectly affect and complicate the determination of Pas by the 
“cusp” method. 

The broad features of the angular distributions are noted in Figure 5 
[cusp effects—compare (9a)—are not considered there]: the angular distri- 
bution of the A in the center-of-mass system is strongly peaked backward as 
soon as one goes ~100 Mev above the threshold; the angular distribution of 
the =~ is, instead, preferentially forward from 1100 Mev (laboratory energy) 
on. For the 2°(2+) reactions, although there is some backward (forward) 
preference, the experimental situation is not entirely clear. 

Some time ago Goldhaber (153) remarked that perhaps the angular distri- 
bution could be understood in a model in which the incident pion dissociates 
into a K-K pair and the K continues its flight while the K is absorbed by 
the proton producing the hyperon. Of course, dissociation of the pion into a 
K-K pair is not possible unless K and K have opposite parities. Pais (80) 
discussed this question in more detail, concluding that the angular distri- 
butions can be understood, at least for the hyperon, by assuming a scalar 
Kchareed) and a pseudoscalar K“*''*), As we have already mentioned, there 
is no particular reason to believe in an opposite charged-neutral K parity; 
however, Tiomno has recently remarked (154) that if the existence of a 
heavy scalar boson K’ is postulated, with the same isotopic spin and hyper- 
charge as those of the K, the mechanism of Goldhaber-Pais can be used in 
explaining the backward production of hyperons. Indeed, if the K’ is scalar, 
the incident z~ can dissociate into a virtual K°-K’ pair, the K’ being next 
absorbed by the proton. Tiomno et al. (154) have made perturbative calcu- 
lations of this process and obtained for the mass of this K’ a value of ~605 
Mev, in order to give the best fit to the observed hyperon angular distri- 
butions. It is possible that Tiomno’s K’ may be identified with the resonance 
recently suggested (Sect. 6.7) for the K-m system. 

It must be emphasized that, even in the conventional formulation where 
only the N-A-K and N-2-K interactions are considered, the number of free 
parameters at our disposal is sufficiently large to fit the observed angular 
distributions, as pointed out by Warner (155) and by Ogimoto & Shimizu 
(156). According to the conclusions in (155) and (156), perturbative calcu- 
lations can reproduce the angular distributions for a scalar or pseudoscalar 
K and Pasy=1 and for an appropriate choice of the coupling constants 
£2, £3, fo, fs. It follows that it is not yet possible to assert that the Goldhaber- 
Pais-Tiomno mechanism is or is not chiefly responsible for the typical angu- 
lar distribution of the A. Here we meet again, as in the K-N scattering prob- 
lem, the question of determining the role of the three-linear versus the 
K-K-n-x interactions; indeed, the K'-K-z is essentially equivalent to some 
kind of K-K-a-x interaction. 
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7. CONCLUSION 


The general aspects of the conclusions to be drawn from the facts de- 
scribed in the previous pages have been considered in the introduction. We 
shall not come back to them here. As for the more specific aspects, they 
have been inserted at the appropriate places: essentially the titles of the 
main sections indicate an equivalent number of open problems. We list them 
again here: (a) to know definitely whether parity is or is not conserved in the 
strong strange-particle interactions; (b) to know Panx and Psyx; (c) to 
know whether the phenomenological analysis correctly represents the data 
in the low-energy region: which is the set of amplitudes to be used, and which 
are their precise numerical values; (d) to know the effects of the resonances 
that have been discovered (including all the pion-nucleon resonances) in the 
various coupled channels, etc. These are essentially experimental problems. 
To obtain answers to such questions is the first task for the future. Such an- 
swers should simplify the problem of getting at least qualitative ideas of 
which are the important vertices in the strange-particle interactions; it is 
clear from the preceding that little is now known about this. Not only is 
the relative importance of the trilinear couplings poorly understood, but 
the relative importance of quadrilinear and trilinear couplings is also not 
known. Only after such ideas have been formed and accompanied by accur- 
ate experimental measurements can one hope to make some step beyond a 
purely phenomenological treatment. 
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There are few problems in modern theoretical physics which have attracted 
more attention than that of trying to determine the fundamental interaction be- 
tween two nucleons. It is also true that scarcely ever has the world of physics 
owed so little to so many. . . . In general, in surveying the field, one is oppressed 
by the unbelievable confusion and conflict that exists. It is hard to believe that 
many of the authors are talking about the same problem, or in fact that they know 
what the problem is. 
M. L. GoOLDBERGER (1) 
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PREFACE 


A review article can be written in two ways. One way is to write a didactic 
treatise on the important developments in the field, containing only the most 
important references and stressing organization, coherence, and clarity in 
the presentation. The other way is to write an encyclopedic summary of all 
developments, mostly for reference purposes, assuming either that the reader 
is already familiar with the field or that he is just about to investigate it 
and the review article will serve him only as a study outline. 

The present report was supposed to fall somewhere half-way between the 
two extremes. No completeness is claimed, although the relatively large 
number of references should suffice for at least a skeletal survey of any of the 
subjects discussed. On the other hand, a fair amount of effort went into the 
organization of the quite extensive and often ambiguous subject matter. 

The Annual Review of Nuclear Science last published a review of this 
field in 1953. Therefore, on the whole, it is assumed that developments before 
1952 were covered in that article by Breit & Gluckstern (2). Occasionally, 
when continuity demands, reference is made to work prior to 1952. 

The authors had the benefit of several other reviews in the field. Early 
work on phenomenology was discussed by Christian (3), and later work by 
Gammel & Thaler (4) in 1960. The two most useful reviews for meson poten- 
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tial theories proved to be the article by Phillips (5), published in 1959, and 
the Supplement of Progress of Theoretical Physics (6), Numbers 1 to 3, pub- 
lished in 1956. The survey by Hulthén & Sugawara (7) was consulted, al- 
though its subject matter did not overlap much with the present topic; the 
book by Bethe & De Hoffman (8) was also a valuable source. Two other 
reference books are the Proceedings of the 1959 London Conference on Nuclear 
Forces and the Few-Nucleon Problem (9), and the Proceedings of the 1960 
Annual International Conference on High-Energy Physics at Rochester (10). 
The relevant experimental material was discussed last year in the Annual 
Review (11); that chapter will be referred to as Part I. Beyond these, how- 
ever, one is forced to go to the original literature. This report is based on pub- 
lished literature up to about the middle of 1960. 

Our article is divided into five chapters, and some of the chapters are 
further subdivided into sections. The individual chapters are fairly self- 
contained, although references are often made to relevant parts of other 
chapters. 

We are most grateful to Drs. J. Charap, G. F. Chew, R. Cutkosky, 
T. Kinoshita, A. Klein, S. Machida, J. Perring, R. Phillips, C. R. Schu- 
macher, and D. Wong for a critical reading of the manuscript and for many 
useful comments and suggestions. Any errors of fact or judgment are, how- 
ever, strictly our own, the more particularly since several suggestions we 
received were mutually incompatible. 


I. INTRODUCTION 


The theories that have been used to predict or interpret nucleon-nucleon 
elastic scattering which go beyond the phase-shift analyses discussed in Part 
I are of three general types: phenomenological, meson theories of the static 
potential, and dispersion theoretic. Although some phenomenological models 
have used nonlocal or velocity-dependent interactions, these have rarely 
been pushed through to the point of making detailed quantitative predic- 
tions. Work with phenomenological static-potential models led to two gen- 
eral conclusions: (a) there is a short-distance repulsion present in most 
states, that can be adequately represented by a ‘‘hard core’’ of about 0.5 f; 
and (6) at least above 150 Mev, the data require an L.S (spin-orbit) interac- 
tion in addition to central, spin-dependent, isotopic-spin-dependent, and 
tensor interactions. Some features of these various interactions are also indi- 
cated. 

Attempts to calculate the interaction from meson theory have in general 
followed the program first proposed by Taketani, Nakamura & Sasaki (12) 
in which the researchers try to compute the outer regions of the potential 
from one- and two-pion exchange, while treating the shorter distances, which 
are certainly nonstatic, phenomenologically. The phenomenology usually 
takes the form of the “‘hard core’ suggested by Jastrow (13), although a 
boundary condition on the wave function (14) has also been used. While all 
authors agree about the one-pion part of the interaction, there has been a 
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notable lack of agreement as to the correct treatment of two-pion exchange. 
We will discuss the various approaches, but we believe that Charap & Fubini 
(15) are correct in asserting that these difficulties usually stem from a mathe- 
matical ambiguity in taking the static limit by letting the ratio of the meson 
mass to the nucleon mass go to zero. 

As far as agreement with experiment goes, the correctness of the one- 
pion-exchange interaction is now firmly established, as we will show in 
detail in Chapter IV. When it comes to the more sophisticated calculations, 
the exact means used for treating the very singular region just outside the 
phenomenological core is quantitatively so important that it is difficult to 
say whether these calculations agree with experiment or not. However, 
models such as those of Signell & Marshak (16, 17, 18), Bryan (19), Hamada 
(20, 21), & Lomon (22), which treat this region in a more phenomenological 
spirit but preserve the one-pion-exchange tail, are by now in better semi- 
quantitative agreement with experiment than are earlier purely phenom- 
enological models. They all utilize a strong L.S potential with a “range’”’ 
(i.e. decreasing exponential) of half-a-pion Compton wavelength. This inter- 
action is clearly required in JT =1 states to explain the latest depolarization 
measurements at 150 Mev, and probably also at 100 Mev. Whether this 
interaction can be obtained from the meson theory is still under debate. 

The latest approach to the problem is to use the general analyticity and 
unitarity requirements of quantum field theory together with the mass 
spectrum of strongly interacting particles to compute the covariant S matrix 
directly, without going through the intermediate step of computing a ‘‘poten- 
tial.” While these calculations have not yet been carried through to the point 
where a detailed comparison with experiment becomes possible, we believe 
that they clear up many of the ambiguities encountered in earlier calcula- 
tions and offer more promise for the future. Goldberger, Nambu & Oehme 
(23) established a nucleon-nucleon dispersion relation in energy, but the use 
of this relation requires knowledge of the nucleon-antinucleon annihilation 
amplitude over the physically inaccessible range of energies down to two 
pion rest masses. The applicability of this approach is thus limited to what 
amounts to an effective-range treatment. However, the double spectral 
representation proposed by Mandelstam (24, 25), which has now been proved 
valid to all orders in renormalized perturbation theory (26, 26a), gives the 
key to the problem by showing that this annihilation amplitude can be 
calculated over a useful range from a knowledge of pion-pion and pion- 
nucleon scattering; the practical test of the method for nucleon-nucleon 
scattering is now waiting for the successful completion of these prior calcula- 
tions. Meanwhile, a few useful partial calculations have been concluded. 
Charap & Fubini (15) have shown that the existence of a Mandelstam 
representation for potential scattering (27) allows one to go from the full 
relativistic amplitude at zero energy to a ‘‘potential’”’ which, when used in 
the Schroedinger equation, will reproduce the relativistic amplitude for 
energies sufficiently below meson production threshold. This procedure gives 
an unambiguous definition of the ‘‘potential” in the low-energy limit which 
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avoids the ambiguities of the static approach, but also makes the potential 
less interesting because it requires a prior solution of the covariant problem 
to construct it. It still has not been proved that the “‘potential’’ so defined 
is the correct interaction to use for problems in low-energy nuclear physics, 
but it is a more plausible candidate than any of the earlier static models. 


II. PHENOMENOLOGICAL MODELS 


The most general charge-independent Lorentz-covariant nucleon-nucleon 
scattering matrix which is parity conserving and invariant under time rever- 
sal can be described by five independent functions of energy and momentum 
transfer for each of the two isotopic spin states, as was discussed in detail in 
Part I. Although spin is not a good quantum number in a covariant theory, 
the assumption of charge independence and parity conservation allows us to 
write the nucleon-nucleon wave function as the product of a symmetric 
(antisymmetric) spin function times a symmetric (antisymmetric) function 
of space coordinates for isotopic spin singlet states, and the reverse for iso- 
topic triplet states. This being the case, for each value of J and J, there 
will be one function for the singlet spin state and a second for the triplet 
state with J=L. By parity conservation the triplet states with J=L+1 
and J=L—1 cannot mix with the J=L state; consequently they are de- 
scribed by three independent functions for the transitions L4+1—-L-+1, 
L-—1-L—1, and L+1-L—1. The transition amplitude L—1-L-+1 is the 
same as for L+1—-L—1 by time-reversal invariance, verifying our count of 
five independent functions for each value of J and J. 

Feldman (28) showed that starting from the covariant S matrix, and 
assuming that in the nonrelativistic limit it is represented by the scattering 
from local static potentials in each isotopic spin state, the most general such 
interaction is the sum of a spin-independent, a spin-dependent, and a tensor 
potential. This conclusion confirms the nonrelativistic analysis of Wigner & 
Eisenbud (29, 30) and has the advantage of treating ordinary and exchange 
forces on the same footing. The general case, treated by Puzikov et al. (31) 
and Okubo & Marshak (32), allows in addition the operators (L.S) and 
(L.S)? and shows that each of the five terms can be multiplied by arbitrary 
interaction functions I(r, L*, p?) where r is the relative coordinate and p the 
total momentum. For elastic scattering, these reduce to functions of r and 
L?, The most general phenomenological model would therefore consist of 
ten such arbitrary functions (five for each isotopic spin state). Clearly this 
offers little advantage over specifying the S matrix directly. Even if the 
interaction is assumed to be “‘static’’ (i.e. independent of L*), one still must 
specify ten functions of r. Note that in practice the decision whether to use 
an (L.S)? term, or to write I(r, L*) =Io(r)+L7Ji(r) for all the other terms, 
is somewhat arbitrary. The chief hope of phenomenology is clearly that it 
will prove possible to give a quantitative description with considerably fewer 
than ten independent functions of r. We will find that the increasingly de- 
tailed experimental information now available has shown this hope to be 
illusory. 
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1. Low-ENERGY PARAMETERS 


Once a particular set of interaction functions has been picked, and a 
particular parameterization for the variation with r decided on, the phenom- 
enologist’s task consists of two rather different parts: (a) to fit the ‘“‘low- 
energy’? parameters (singlet and triplet scattering lengths and effective 
ranges, and the binding energy, quadrupole moment, and magnetic moment 
of the deuteron); (b) to refine the model further by comparison with ‘‘high- 
energy” differential cross section, polarization, and triple scattering experi- 
ments. Early work on part (a) is discussed in (2), and there have been 
numerous calculations of this type since (33 to 46). One of the most extensive 
numerical surveys of this type is given by Biedenharn, Blatt & Kalos (47). 
These surveys show that if any one particular radial form is chosen, the 
same parameters do not fit the singlet and triplet state. Therefore, any 
phenomenological model requires different singlet-central, triplet-central, 
and tensor potentials as a minimum. As each potential has an adjustable 
range and depth, there are at least six parameters even if the radial form 
is specified. The singlet range and depth are fixed by fitting the singlet 
effective-range and scattering length. The triplet scattering length and 
binding energy of the deuteron fix the over-all strength and range of the 
triplet state, while the quadrupole moment specifies the ratio of tensor to 
central interaction. The triplet effective range is almost completely deter- 
mined by the binding energy of the deuteron and triplet scattering length, 
so gives no new information. Nonrelativistically, the magnetic moment of 
the deuteron fixes the percentage D state as 4 per cent, but this quantity 
is so sensitive to mesonic corrections (a factor of 2 in either direction) that 
in practice it does not offer much restriction. We conclude that these low- 
energy constants fix only five of the six range and depth parameters for the 
even-parity potentials and give no information about radial dependence. 
The effective-range expansion has a radius of convergence of 10 Mev (48) 
or less (49), and even proton-proton (p-p) experiments do not give the shape- 
dependent term in the effective-range expansion below 10 Mev (50), so 
shape information comes only from scattering experiments above 10 Mev 
(which we will call “‘high-energy”’ in this article). However, above 10 Mev 
we also will get scattering from the odd-parity potentials, which could bring 
in a minimum of another six parameters. Thus, only the sophisticated experi- 
ments discussed in Part I, which lead to unique phase shifts, will be directly 
interpretable, while less complete information will not distinguish clearly 
between effects from radial dependence and effects from differences between 
the even- and odd-parity potentials. The history of phenomenology given 
below confirms this conclusion. 

Before turning to the phenomenological interpretation of high-energy 
experiments, we note one question of physical interest connected with effec- 
tive-range calculations. Breit, Condon & Present (51) originally postulated 
charge independence because almost the same potential models would 
explain both neutron-proton (n-p) and p-p scattering in the 1S» state. 
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Schwinger (52) showed that by including the magnetic moment interaction, 
the residual discrepancy could be removed for a phenomenological Yukawa 
potential, but not for less singular potentials; a few other models share 
this property (53, 54). However, Salpeter (55) found that the hard core 
required by high-energy scattering (see below) prevented the invoking of 
this explanation. The situation has been clarified by Riazuddin (56) who 
noted that the extended magnetic moments measured in electron scattering 
(57) predict a very small magnetic moment correction, independent of as- 
sumptions about the nuclear potential. However, Sugie (58) and Riazuddin 
(59, 60) also showed that the effect of the known charged-neutral pion mass 
difference implies an uncertainty in the otherwise charge-independent inter- 
action which is larger than the discrepancy. A recent dispersion-theoretic 
calculation by Wong & Noyes (61) shows that if the mass difference is in- 
cluded in single-pion exchange it is possible to maintain charge independence 
in this state within a priori limits set for residual charge-dependent effects 
in multimeson exchange. All the above calculations refer to the '.So scattering 
length. Early attempts to discover whether the 'So effective range is also 
charge independent are inconclusive (62, 63), but a recent analysis (64) of 
n-p total cross sections up to 14 Mev, using limits on higher L total cross 
sections estimated from one-pion exchange, is consistent with charge inde- 
pendence. 


2. EARLY H1GH-ENERGY PHENOMENOLOGY 


The earliest measurements of nucleon-nucleon scattering at energies 
where the effective-range approximation is clearly inadequate were 40- and 
90-Mev n-p scattering and 32- and 340-Mev p-p scattering (65, 66; 67, 68; 
and 69, respectively). Phenomenological models constructed to fit this data 
have been reviewed by Christian (3) and by Breit & Gluckstern (2). Briefly, 
Christian & Hart (70) found that the n-p scattering could be fitted by mono- 
tonic potentials only if there were little scattering in the odd states, and 
even with no odd-state scattering (Serber force), the predicted total cross 
section was too large. Christian & Noyes (71) found that the p-p data 
required strong, singular, noncentral forces in the triplet odd states; taken 
together with the n-p analysis, this fact showed that monotonic potentials 
are incompatible with charge independence. Jastrow (13) attempted to save 
charge independence by using a hard-core model, though he found that a 
weak odd-state tensor force was still required. Case & Pais (72) attempted 
to save charge independence by using a singular L.S force. 

Extension of the p-p scattering measurements to small angles at 310 and 
240 Mev gave a cross section smaller than that predicted by any monotonic 
potential fitted to the correct effective-range and scattering length, thus 
establishing the hard core in singlet even states (73); similarly, the low n-p 
total cross sections require a hard core in triplet even states. The prediction 
of strong noncentral scattering in triplet odd states stimulated the measure- 
ment of p-p polarization by Oxley et al. (74), and it was indeed found to be 
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large. Calculations by Goldfarb & Feldman (75) and Swanson (76) showed 
that the weak tensor force of the Jastrow model gave much too small a 
polarization; they found that the singular noncentral force models did not 
give good agreement with the observed differential cross sections, but did 
predict polarization of the right order of magnitude. Other models have also 
been tried (77 to 80). The most ambitious attempt to fit both differential 
cross sections and polarizations was that of Gammel, Christian & Thaler 
(81). They used hard-core central plus tensor spin-dependent models of the 
Yukawa type with separately adjustable ranges and depths; even with 14 
parameters at their disposal, they were unable to obtain agreement with 
the existing data. Clearly the phenomenological approach was being forced 
to abandon its original simplicity. 


3. THE GAMMEL-THALER POTENTIAL 


Stimulated in part by this theoretical failure, an attempt was made to 
determine the scattering matrix experimentally at 310 Mev. This was 
discussed in Part I. Wolfenstein (82) pointed out that these data and the 
phase-shift solutions later found by Stapp, Ypsilantis & Metropolis [(83); 
called SYM Solutions here] could be most easily interpreted by assuming 
a strong L.S force as well as a tensor force. Gammel & Thaler (84, 85) in- 
cluded both interactions in their model; because the P-wave splitting has 
the L.S signature of phase shifts, while the F-wave splitting has the tensor 
signature, their L.S force is of shorter range than the tensor force. This 
model (based on SYM Solution 1) was the first to give semiquantitative 
agreement with all existing experiments. Gammel & Thaler also obtained 
better agreement with n-p data by using an L.S potential in isotopic singlet 
states (86). Unfortunately, as was pointed out by Feshbach (87) and investi- 
gated in detail (88 to 91), this L.S potential destroyed agreement between 
their model and the deuteron magnetic moment; in fact, the resulting model 
does not even bind the deuteron (92). This latter deficiency has now been 
corrected, and a number of tensor-plus L.S models which fit all the low- 
energy parameters (but no particular value for the magnetic moment) have 
recently been presented in the review article by Gammel & Thaler (4). 


4, BOUNDARY CONDITION MODELS; VELOCITY-DEPENDENT AND 
IsOBAR MODELS 


A somewhat different phenomenology was suggested by Breit & Bouricius 
(93, 94) and by Feshbach & Lomon (14). The latter authors noted that 
models of the type discussed above are characterized by an interaction 
energy much larger than the kinetic energy localized at a finite distance of 
separation between the particles. The implication follows that the wave 
function inside this distance is much the same at all energies, which can be 
approximated by requiring the logarithmic derivative to have an energy- 
independent value at this radius. The appropriate modification of the effec- 
tive-range expansion was discussed by Raphael (95). Balazs (96) showed 
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more generally why a formula of this type will give a reasonable representa- 
tion of the average behavior of the phase shift over a broad energy region. 
He also showed, however, that the same parameters cannot be used at both 
low and high energy. Reasonable agreement with experiment was obtained 
by Feshbach & Lomon when they allowed some energy dependence to the 
1S9 parameters, but their phase shifts resembled SYM Solution 6 at 310 
Mev. Since this solution is now experimentally excluded (cf. Part I), the 
simple model fails. It can be considerably improved by adding weak potential 
tails outside the boundary condition, as will be discussed in Chapter IV; a 
related model has been proposed by Moszkowski & Scott (97). 

If the energy variation of the phase shift is known at all energies, and 
the positions and the asymptotic normalizations of the bound states are 
known, one can construct a unique potential for that state (98, 99). One 
can also use partial knowledge of the energy variation to obtain partial 
knowledge of the potential (100). Up to now there has not been sufficient 
knowledge of the phase shifts to use these methods, but we suspect they will 
become more important in the near future. 

Other types of models have been considered for special purposes. Various 
authors (101 to 106) have investigated the effect of a single-nucleon excited 
state or isobar on the scattering; the conclusion is that such a model predicts 
scattering that differs widely from experiment. Separable potentials (107 to 
112) have the advantage that they can be exactly solved, but the disad- 
vantage that they give only S-wave scattering. This might have turned out 
to be an interesting first approximation, since SYM Solution 2 gave very 
small singlet D and G waves. Lee, Gammel & Thaler (113) used a nonlocal 
model, in which a single parameter took the interaction from the local 
potential to the separable potential limits, to show that SYM 2 corresponds 
to a nonlocal region of the order of 1 f in size. However, the latest experi- 
ments at 210 Mev (114), and the energy-dependent analyses of Breit et al. 
(115) and of Stapp et al. (116), proved fairly suggestive evidence that Solu- 
tion 2 is spurious. A strong argument against SYM 2 given by Perring & 
Phillips (117) is based on the fact that this type of solution exhibits a nega- 
tive 'So phase at 100 Mev. Since we know this phase to be positive at low 
energy, and the differential cross section does not allow either a 0° or a 90° 
S phase anywhere between 0 and 100 Mev, it is impossible to connect this 
solution continuously with the low-energy region. Still another velocity- 
dependent model is provided by noting the mathematical similarity between 
tensor forces and a soluble problem in elasticity (118). 


5. CONCLUSIONS FROM PHENOMENOLOGICAL POTENTIALS 


In summary we note that a few reasonably firm conclusions about the 
kind of potential model which will reproduce the observed nucleon-nucleon 
scattering can be drawn from these phenomenological calculations. In the 
first place, there must be a short-range repulsion of the order of 0.5 f in 
radius in both the singlet and triplet even-parity states. Second, the singlet 
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even potential is both stronger and shorter-range than the simple Yukawa 
potential predicted by single-pion exchange using the empirical pion mass 
and coupling constant. Third, the triplet even-parity tensor potential re- 
quired to fit the quadrupole moment of the deuteron is also evidenced in 
high-energy n-p scattering, and an additional L.S potential in this state 
can be made compatible with the low-energy requirements. Fourth, there 
are strong noncentral forces in the triplet odd state. A core is not clearly 
required, but a *P» phase which changes from strong attraction at low energy 
to strong repulsion above about 150 Mev, together with a repulsive *P; and 
an attractive *P2 state, is indicated. The easiest way to achieve this behavior 
is with a long-range attractive tensor force and a short-range singular L.S 
force which is repulsive in the *P» state; higher triplet-odd phase shifts are 
consistent with this assumption. The singlet odd-state interaction is prob- 
ably repulsive (4) and is definitely required to explain why the u-p polariza- 
tion is not antisymmetric about 90°. Finally, it is possible to construct 
charge-independent models, but it is clear from what has just been said that 
they must be quite complicated; the only known departure from charge 
independence, the discrepancy between the 'So n-p and p-p scattering lengths, 
is explicable in terms of charge-dependent effects known to be present. 


III. MESON-THEORETICAL POTENTIALS 
1. INTRODUCTION 


It is appropriate for several reasons to review the status of the meson 
theory of nuclear forces at this time. About a quarter of a century has passed 
since the inception of the original Yukawa idea (119) that mesons are respon- 
sible for internucleonic forces. The particle now believed to be primarily 
responsible for these forces was discovered experimentally (120) about 15 
years ago, and that it was pseudoscalar was established about a decade ago 
(121). Therefore, this multiple anniversary might indeed be a good time to 
review the success and shortcomings of the pion-potential theory of nuclear 
forces. 

There is another reason which makes it particularly appropriate to 
review potential theories now. In the past two years a new technique of 
calculation, using dispersion relations, has come to the foreground, which 
attempts to formulate the theory directly in terms of scattering amplitudes 
without resorting to the use of potentials. This technique, to be discussed 
in a later chapter, has many advantages and is gradually replacing the 
conventional field-theoretical potential theories. It is likely, therefore, that 
the present review on meson-theoretical potentials will be one of the last 
ones, serving to some extent as an epitaph. 

It is only fair to point out, however, that this pessimistic appraisal of 
the future of pion-potential theory is not shared by everybody. For instance, 
a recent paper by Taketani & Machida (122) announced a new work project 
for the Japanese theorists to calculate the fourth-order potential with all its 
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corrections. They claim that dispersion theory is not as complete as potential 
theory and, in particular, that the former is unable to distinguish between 
pseudoscalar and pseudovector couplings. Some initial work on this new 
program has already been published (123, 124). Others like to defend pion- 
potential theory on pragmatic grounds. They say that the problem is really 
to develop a useful, convergent calculational scheme for finding the proper- 
ties of the two- and many-nucleon systems. To the extent that this goal can 
be achieved and relatively simple description can be given which checks the 
experimental information, it is maintained that potential theory is justified. 
Others state the case for the potential picture in even more modest terms. 
They concede that the calculation of potentials with the field-theoretical 
methods hitherto used is not very profitable. But they also add that the 
potential, defined as giving the same S matrix in the low-energy region as 
the full dispersion calculations, remains a simple and anschaulich way of 
describing the contribution of the ‘‘nearby singularities’’ in dispersion rela- 
tions and as such should be used just as the optical potential is used in nu- 
clear physics, without claiming that it has a profound interpretation. 

The reasons for the decline of meson-potential theory are numerous. Its 
one outstanding success, a unique description of the potential at large dis- 
tances, has been accomplished. At smaller distances, however, ambiguities 
arose which are by now recognized by many to be so fundamental to this ap- 
proach as to preclude anything but a qualitative or semiquantitative calcula- 
tion of the potential. The reasons for such ambiguities have been clarified 
throughout the past decade, and hence not much major work is left there 
either. Finally, the experimental information available on nucleon-nucleon 
scattering has widened to include data at higher energies where the potential 
picture is obviously incomplete. This chapter will follow the development of 
the meson-theoretical potentials and explain how the successes were scored 
and how the theory has reached its limitations. 

Let us first discuss briefly why the potential concept was used in the first 
place. Probably the strongest motivation came from the other two forces 
known at the time of the birth of meson theory, namely, the electromagnetic 
field and gravitation. To be sure, even the complete description of the electro- 
magnetic field requires a considerable extension of the simple potential con- 
cept as known in Newtonian gravitation theory; in fact, general relativity 
makes the situation somewhat complex even for gravitational forces. Never- 
theless, the original idea of Yukawa was based on the analogy to photon ex- 
change in electromagnetic interactions, and the apparent success of this 
analogy encouraged a belief in a close formal connection between the electro- 
magnetic and mesonic fields. Furthermore, until relatively recently, the 
study of the nucleon-nucleon interaction was confined to low-energy phe- 
nomena in which the energies involved were small compared to the rest mass 
of the pion as well as that of the nucleon. In this limit it was hoped, and with 
some justification, that the potential concept would hold regardless of the 
complexity of the full-fledged relativistic problem. Finally, a wealth of theo- 
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retical techniques appeared at hand which were well suited to the potential 
description. This is particularly true for the Hamiltonian formalism(Schroed- 
inger equation) where the use of a potential is most natural. For all these 
reasons, the meson-theoretical potentials have, until recently, enjoyed great 
popularity. 

As the motto at the head of this article suggests, the field of meson poten- 
tials does not excel in clarity. In fact, one can hardly proceed without pausing 
to explain briefly the use of some of the most fundamental terms which are 
defined in a variety of ways in the literature. 

One has to start with the concept of the potential itself. In the literature, 
any function or operator which appears in a Schroedinger equation-like field 
equation as an additive term to the free-field Hamiltonian is, at times, re- 
ferred to as a potential. More careful workers (125), however, have sum- 
marized the properties that such a potential should satisfy in order to be a 
practically useful concept. 

(a) It must be a Hermitian operator defined in the nucleon position and 
spin space below the threshold of pion production. 

(b) It must be an energy-independent operator. 

(c) The derivation from first principles must indicate precisely the 
Schroedinger-like equation in which it is to be inserted, together with the 
physical significance of the corresponding Schroedinger amplitude. 

(d) The velocity dependence of the nuclear potential should be restricted 
so that the conventional outgoing wave boundary condition for the Schroed- 
inger equation is enough to determine the solution uniquely. This implies 
that the velocity dependence of the potential can be, at most, linear in the 
relative momentum. If the velocity dependence is quadratic or higher, one 
might still obtain some soluble integrodifferential equation, but it would no 
longer be of the usual Schroedinger type, and hence the interpretation of the 
potential becomes somewhat uncertain. 

In general, such a potential in the restrictive sense (which is the sense in 
which the word ‘‘potential’’ will be used here) does not exist, since it denies 
the use of retarded nature of the pion field mediated interactions. Asa result, 
the potentials used in numerical evaluations are taken in some limit where 
these conditions can be satisfied. In this context we must discuss the use of 
two terms, those of the static and the adiabatic potentials. 

The static potential is the easier and less ambiguous one. This is the limit 
when the two nucleons are taken to be strictly fixed and the potential due to 
the meson field is calculated. The limit can be obtained from calculations by 
taking only the lowest-order term in »/M, where yp is the pion mass, and M 
the nucleon mass. There is still room for some confusion, however. For one 
thing, the »/ M limit has to be taken at the outset; taking it at the end of the 
calculation can be ambiguous, as shown by Charap & Fubini (15) and by 
Gupta (126), because of the taking of the limits in the intermediate states. 
Furthermore, in general, static potentials, since their sources are nailed down, 
are also local potentials, as point sources are usually assumed and these 
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nailed-down point sources define a zero region of integration. For this reason 
the terms “‘static potential” and “‘local potential’’ are often used interchange- 
ably. In some theories, however (still in the static limit), an explicitly 
smeared out source is assumed, and hence a nonlocal potential is possible by 
integration over the finite size of the source. Thus a static potential is not 
always a local one, and this distinction should be kept in mind. 

Much more complicated is the use of the term ‘‘adiabatic potential.’’ The 
term originates in classical mechanics and quantum mechanics, where in 
some problems one motion is so slow compared to another that the former 
can be neglected during one period of the latter. How one carries this over to 
field theory is not always clear, however, and the prescription of going to the 
limit 7/M-30, where 7 is the nucleon velocity, is not clear cut (15, 127, 128, 
129) as used in the literature. One often encounters the description that the 
adiabatic approximation consists of calculating first the potential as if the 
motion of the nucleon could be neglected, and then taking the resulting po- 
tential to calculate this motion. This is not clear; specifically, for instance, 
how one neglects the nucleon motion in the intermediate states is ill defined. 
The taking of the n/M-30 limit is unambiguous only if 7 denotes the initial 
and final (but not the intermediary) nucleon velocity. Such a limit, however, 
is not equivalent to treating the nucleons nonrelativistically, as is sometimes 
assumed. Such objections are not only quibbles of a purist, but also affect 
practical calculations, as we shall see. In particular, it is impossible to sepa- 
rate unambiguously the so-called ‘“nonadiabatic corrections’ from the 
higher-order ‘‘adiabatic’’ terms. Fortunately, as mentioned above, the quali- 
tative tangible consequences of pion theory are usually not much affected by 
these obscurities since the numerical potentials are customarily calculated in 
the static (and hence also “‘adiabatic”’) limit, sometimes with added “‘non- 
static’ corrections. In the static limit these ambiguities disappear, and so 
the confusion is restricted to the calculations of the corrections. Unfortu- 
nately, these corrections are not always small. We will try to avoid through- 
out this chapter the word ‘‘adiabatic.” 

A few more general considerations concerning meson-theoretical potential 
must be listed. The original form of the Yukawa interaction potential (for 
neutral, scalar mesons) is e“"/r. It was recognized early that the range of 
such a force representing the exchange of a particle of mass yu is uw (using 
h=c=1). From this, the three-zone picture of the nucleon-nucleon interac- 
tion has been developed (12). According to this picture, the outermost region 
of the interaction, from about 1.5-pion Compton wavelengths (1.5 uw) on 
out, is dominated by the one-pion-exchange forces. In this same region, the 
potential picture is also expected to be good, since the important energy 
range in the energy denominators involving the one-pion exchange only will 
be at low energies. In the second region, 0.7 uw! <r <1.5 uw the two-pion- 
exchange processes dominate. Finally, for r<0.7 yw, three- or more pion 
exchanges (and perhaps strange particles) play an important role. 

Three features of this picture looked particularly encouraging from the 
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point of view of meson theory. First, the various processes correspond to 
various parts of the potential, and hence one can get partial information 
about the interaction from a partial solution of the problem. Second, the 
one-pion-exchange potential which dominates the outermost region can be 
calculated simply and almost unambiguously. This fact represented an early 
success of meson potentials, thus encouraging an attack on the middle region. 
Third, it was found in phenomenological investigations that the innermost 
region was dominated by a repulsive core-type interaction, and some meson- 
theoretical calculations too indicated the presence of such a core (130). (Fora 
more detailed discussion of this point, see Sect. 2 of this chapter.) This possi- 
bility meant that the higher-order pion-exchange effects might be drowned 
out by this repulsive core which, even if its origin is unknown, can be simply 
represented phenomenologically. Thus, attention was focused on the middle 
region; and it was believed that if only that could be calculated, the nuclear 
force problem would be basically solved. 

These hopes have been extinguished by two circumstances. First, the 
above decomposition is only qualitative; and hence, for instance, three-pion- 
exchange effects play a role even in the two-pion-exchange region. Also, the 
hard repulsive core might not be so hard either, and hence the innermost 
region might contribute to some extent, especially at higher energies. Second, 
and more important, it proved impossible to carry out a quantitatively 
reliable calculation of the two-pion-exchange region in an unambiguous way. 

To conclude these introductory remarks, we have to say a few words 
about the field-theoretical elements in meson-potential calculations. The 
various intermediate states can be described in terms of graphs. In some 
methods, such as covariant perturbation theory, the time-ordering of the 
interactions is not indicated; that is, a given graph is meant to represent the 
sum of all diagrams which are the same except for time-ordering. In this 
scheme the second-order graph (graph with two pion-nucleon vertices) is 
shown in Figure 1, while the fourth-order graphs are given in Figure 2. 
Throughout the figures we will use solid lines for nucleons and broken lines 
for pions. There are also fourth-order graphs in Figure 3, but they are largely 
renormalization contributions to the second-order graphs and hence do not 
have to be taken into account explicitly. Specifically, they contribute nucleon 
mass renormalization, meson mass renormalization, and coupling constant 
renormalization, respectively. 

In other methods, like the Tamm-Dancoff scheme, processes are classified 
according to the number of intermediate particles. The one-pion intermediate 
state is the same as it was before (Fig. 1), plus graphs like those in Figure 4, 
among others, because in these graphs also no horizontal straight line cutting 
through the graph intersects more than one meson line. In methods like the 
covariant perturbation theory, graphs like those in Figure 4 would be in- 
cluded in the graph (a) of Figure 2 and thus would be classified as fourth- 
order processes. The two intermediate pion states in the Tamm-Dancoff 
type of theory are those in Figure 5. In the Tamm-Dancoff-type theory, 
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unlike covariant perturbation theory, one has to list separately the graphs 
containing antiparticle states. Thus one also has a graph for a one-pion plus 
one- (nucleon) -pair intermediate state, and a one-pion plus two-pair inter- 
mediate state, shown in Figure 6, both of which would be part of Figure 2 in 
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The interaction between nucleons and pseudoscalar mesons can take a 
large number of forms. Of these, on the basis of simplicity, usually two are 
considered. They are the pseudoscalar coupling with an interaction La- 
grangian density of 


—igh(x)ver¥(x) (2) 


and the pseudovector coupling with a Lagrangian density of 
‘in ts) 
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where (x) is the nucleon field, @(x) the meson field (a vector in isotopic spin 
space), t the isotopic spin operator, and , the Dirac matrices, The coupling 
constants g and f are dimensionless. 

The appearance of ys in the pion-nucleon coupling (because the pion is 
pseudoscalar) has an interesting consequence concerning the relative magni- 
tude of the terms corresponding to the various powers of the unrenormalized 
coupling constant (131). Since ys has only off-diagonal elements, it will couple 
only “‘large’’ components with ‘‘small”’ components. Thus an odd number of 
applications of ¥s is likely to result in relatively small scattering amplitudes, 
while it will give a large contribution if used an even number of times. For 
this reason the fourth-order nuclear potential is quite important next to the 
second-order potential, a fact that is perhaps to be regretted. 

The pseudoscalar and pseudovector couplings are equivalent in several 
senses. First, if two nucleons interact once through either of these interactions 
(‘‘Mgller scattering,’’ see Fig. 1), the resulting scattering amplitudes are 
identical provided one puts g=2Mf/u, where M and yp are the nucleon and 
pion masses, respectively. Second, one might want to compare with Hamil- 








112 MORAVCSIK AND NOYES 


tonian densities for the two interactions. The pseudovector Hamiltonian 
density can be written approximately as 
Tv 


f y* }2-¥(e-8) a . x a [s- <2] + f | y 
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and the pseudoscalar density in a similar approximation as 
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where = is the canonically conjugate momentum to @, and # is the nucleon 
momentum. In both these expressions the components connecting negative 
and positive energy states have been eliminated by canonical transforma- 
tions. Both these expressions give only terms up to M™ in an expansion in 
powers of 1/M. Also omitted are the so-called nucleon contact terms, coming 
from (f* y; ty)? and representing the graph in Figure 7. These terms generate 
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zero-range potentials in the nucleon-nucleon scattering problem which are 
not to be taken seriously, since the innermost part of the potential must now 
be treated phenomenologically anyway. 

We see that the pseudovector and pseudoscalar approximate Hamil- 
tonian densities are equal as far as the first two terms are concerned. These 
are the terms linear in the coupling constants. The other terms come from 
the elimination of the nucleon-pair contributions in the terms connecting 
positive and negative energy states. It is evident from their form that they 
represent mainly S-wave nucleon-pion interaction. Since it is known empiri- 
cally that the S-wave pion-nucleon interaction is small compared to what one 
would calculate in first-order perturbation theory, it has been conjectured 
that these terms are damped (pair suppression). Theoretical justification of 
this assumption by calculating higher orders in perturbation theory has been 
only partially successful (132, 133). It can be mentioned, however, that the 
relationship between pion-nucleon and nucleon-nucleon scatterings has 
strong foundations so that if one is willing to accept the empirical fact that 
S-wave pion-nucleon scattering is small, the consequences for nucleon- 
nucleon scattering follow. If these pair terms are damped, however, then the 
equivalence between pseudovector and pseudoscalar couplings is nearly valid. 
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There is a major difference between the pseudovector and pseudoscalar 
couplings whose practical importance is a matter of controversy. While 
pseudoscalar coupling can be renormalized in the conventional sense, pseudo- 
vector coupling cannot. It has been claimed, however (134, 135, 136), that 
the infinities arising in a theory which is unrenormalizable are caused by the 
particular perturbation expansion used and that it is possible to sum the 
infinities in other ways so that the result is finite. Furthermore, since no 
covariant field-theoretical calculation has been successful so far in describing 
the nucleon-nucleon interaction anyway, it is sometimes claimed that the 
criterion for the applicability of the theory should be its success in correlating 
data. In practice, therefore, both pseudovector and pseudoscalar couplings 
have been used. 

In the following sections several approaches to the nucleon problem rele- 
vant to nucleon-nucleon scattering are discussed. Formalisms that have not 
been applied to nucleon-nucleon scattering are not included. For comparison 
of the potentials discussed in this chapter with experiments, see Chapter IV. 


2. WEAK CouPLING THEORIES 


In this section we will discuss the meson-theoretical potentials arising 
from the various weak coupling theories, that is, theories in which an expan- 
sion is made in terms of some parameter related to the strength of the inter- 
action and a truncated form of this expansion is used in the calculations. 
There are basically three ways of obtaining a potential from such theories. 
First, one can use the general Schroedinger equation as the basis and from it, 
by expansion, elimination, or transformation, derive a Schroedinger equation 
which contains a potential satisfying the requirements we outlined in the 
previous section. Second, one can define the potential as one which gives the 
same nucleon-nucleon S matrix as the original interaction used in field theory. 
Third, one can use the relativistic two-nucleon equation (Bethe-Salpeter 
equation), instead of the general Schroedinger equation, as a basis and reduce 
from it a potential which satisfies our requirements. In practice, several of 
these methods may yield the same potential. 

Before discussing the various approaches, we will summarize the practical 
results of these calculations which have led to a numerical evaluation of a 
potential. The most convenient description of these potentials is in terms of 
the nonrelativistic graphs that they include. Since no complete calculation 
has been carried out for higher than fourth order, only the graphs shown in 
Figure 8 have to be taken into account. 

Graph a is the one-pion-exchange graph (second-order graph). Graph 6 
represents those non-pair fourth-order processes which in the intermediate 
state never have two pions simultaneously. Graph c describes the fourth- 
order non-pair processes with two-pion intermediate states. Graphs d and e 
describe the two- and one-pair processes. The distinction between graphs } 
and ¢ is meaningful only in formalisms which classify states in terms of the 
number of particles in the intermediate state (such as the Tamm-Dancoff 
method) and not in the power of the coupling constant. It might also be 
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noted that graphs d and e are symbolic; they represent contributions of 
graphs containing nucleon-antinucleon pairs. These graphs, in pseudoscalar 
coupling, are important because 7; couples “‘small”’ and “‘large’”’ components, 
and hence also allows S-wave contributions, for example, which might be 
symbolized by the emission of a pion pair. Thus, nucleon-pair terms and 
pion-pair effects are related in this way. 

The contributions from these graphs to the static potential are as follows. 
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potentials derived so far. These are ney “i 


odhecal Die S52 2% 
aha (4)? u(a)e ss ‘letaets 5+5 atS ‘+ oa] 
20 46 
+ (0-40) 4 4 See St 


9+ 2(2) -@(2)) 


K,(a)e*) (3 — 2et0 20) | Sut 








(6.¢@) ols + ‘6, 3s a £ 











r - Ps 
Vs: = wi patted on 
7: u L fou J ~ (42 =) + @ + 3) K,(22) | 
* ~ 2(e00. “IG: +5 tatats 
Te bt ye 3G Ko(2x) + — douk 
LE Beueen(S eof 












116 MORAVCSIK AND NOYES 


ran tg ol)o(te yen 
fp (sol iedes 


(lg) £1 1 4 2 
“eps + akg air 











~_ Mf mw 6 FKol(2x) (2, 1 
iat $5 +(5+ +5) ks) ] 
Ai f lial 12 ee =“ 
‘Cee ea} Jes 


The notation is as follows: g is the irae coupling constant, x the 
radial coordinate in units of the inverse pion Compton wavelength, yw the 
pion mass, M the nucleon mass, K(x) the Hankel function of imaginary 
argument. The @’s refer to nucleon spin, t to the isotopic spin; Sy. is the usual 
tensorial combination, Sj.= 36 -né®-n—6®- 6, L the total orbital angular 
momentum, S the total spin. Sometimes f is used instead of g for the pion- 
nucleon coupling constant; the relationship between the two is f=yg/2M. 
The A’s are pair contribution coupling constants. 

In addition to the above expressions, some potentials also contain cor- 
rection terms which are the results of numerical integration and hence can- 
not be given in analytic forms. The various potentials compounded from these 
contributions are summarized in Table I. 

Here we might point out the significance of the term containing 6(x) in 
Va. The delta function interaction in this form would in fact have no influ- 
ence on the wave function and hence was dropped in the early calculations. 
It was pointed out by Lévy (130), however, that the uncertainty principle 
demands that this delta function interaction be spread at least over a volume 
of radius M~. The corresponding potential will then be necessarily nonlocal, 
with a kernel 

vy,r) == - r(=) = MK (Mr) Ki(Mr’) 

3 4r 

producing a strongly repulsive, short-range interaction. In all practical 
calculations this interaction is approximated by a repulsive hard core at a 
radius to be fitted to experiments. Lévy’s work, however, gives at least an 
example of the way in which such a repulsive core might come about, even if 
the quantitative agreement with experiments is questionable. In this con- 
nection Schumacher (137) investigated the effects of a spread-out nucleon in 
the second-order potential and found that although the ‘‘extension’’ of the 
nucleon is only its Compton wavelength, 0.2 fermi, it can produce an equiva- 
lent repulsive core of almost one fermi in the central potential. The equiva- 
lent repulsive core in the tensor part of the potential, however, was found to 
have a much smaller radius. Several authors (138 to 141) have shown that a 
repulsive core is a general feature of relativistic calculations. 
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A. Methods based on the Schroedinger equation—The Hamiltonian of the 
complete problem we are considering consists of three parts 


Hi: = Hy + He + Hi = Hn + H’ 


where Hy represents the nucleon field, Hp the pion field, and Hy the inter- 
action. As mentioned before, the problem is treated in practice by assuming 
fixed nucleons, and hence we want the solution of the equation 


A'y = (Hp + Ay) = Wy 


or of its time-dependent equivalent 


a) 
(Hp + Mi)y =i—y 
ot 
Let us denote the ground state of this equation by subscript zero. The next 
step is, then, to solve the equation for the nucleons caused by the presence 
of a meson field obtained from the above equation. In other words, one has to 
solve the equation 


(Hy + Wo)¥(t) = EV) 


where £ is the relative coordinate of the two nucleons, of which Wp is a func- 
tion. This Wo(r) is the potential we are looking for. For a method of solving 
this second equation, see, for example, reference (142) which works in mo- 
mentum space. 

We shall discuss three methods of solving the first equation. 

(a) Perturbation theory 

This is the most long-standing method. One simply carries out a non- 
relativistic perturbation expansion using H7 as the perturbation. In practice, 
such an approach is not being used, since perturbation calculations are more 
conveniently carried out in the covariant S-matrix formalism. This will be 
discussed in more detail as part of the S-matrix approach. 

The potential arising from such a calculation in the static limit is the 
same as that obtained from some other methods. In particular, the Taketani- 
Machida-Onuma (TMO) potential (143), to be discussed later, can also be 
obtained from a perturbation approach. In general, a Rayleigh-Schroedinger 
perturbation theory for Wo(r) and canonical transformations applied to a 
fixed source theory are exactly identical. 

(b) Method of canonical transformations 

This method recognizes that one is interested only in the lowest eigenstate 
of the equation to be solved, and hence the diagonalization of Hp+ Hy has to 
be carried out only to the extent that the matrix elements connecting this 
lowest, two-nucleon state with states also containing pions must be made 
zero. A series of transformations leading to this partial diagonalization can 
be constructed so that m of these successive transformations make the non- 
diagonal elements proportional to g” with m>n. The prescription is as 
follows. 
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The first transformation is 


v0) = ey (4) 
and hence 
Ai () = eH’ (He 
where we choose S; such that 
Hy + i[Hp, Si] = 0 
or 


a (Hi) nm 
(Si) nm = ¢ ied pr En 


where »m refers to the matrix elements between the one-nucleon state and 
other states. The other elements of S; can be anything. 

Since Hy is linear in g, and we assume 5S; also to be linear in g, in the gen- 
eral expression 


ees: = Hp + i[Hp, S:] ene: 4[[Zp, 51], Si] $ere 
+ Hy + i[H1, S] — 3[[41, Si], 1] +++ 


the terms proportional to g have been eliminated, and hence H’ is now 
“diagonal” in our restricted sense up to and including terms of order g. This 
procedure can be repeated now on H’ to transform away also the g? non- 
diagonal terms, etc. 

After the mth step in this procedure one can write the resulting trans- 
formed Hamiltonian as 


H® = Hp+v 


where V is the Hermitian potential we are looking for, up to order g”. 

A number of authors have used this method for the calculations of poten- 
tials. Some calculations were carried out to fourth order by Nishijima (144). 
The results agree with the calculations of Taketani, Machida & Onuma (143), 
after whom this potential is named TMO potential. They used a different 
method, however (see Sect. 2-B of this chapter). Later Iwadare (145) also 
calculated a potential and agreed with the TMO potential if the expansion in 
u/ M was carried to the same power. Canonical transformation was also used 
by Lepore (146) for calculating some pair effects. For an explicit form of the 
TMO potential, see Table I. 

Shortcomings of this method mainly arise because renormalization cannot 
be carried out consistently. Also, the energy range under consideration has to 
be cut off from above lest zero-energy denominators appear. 

(c) Expansions in the number of particles 

(i) The basic Tamm-Dancoff method: In the previous method of canonical 
transformation the undesirable part of the Hamiltonian was transformed 
away. In the Tamm-Dancoff type of scheme it will be eliminated alge- 
braically. 
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Let us again consider the Schroedinger equation 
H'v = (Hp + H)Y = WY 
Let us assume now that the W is written as a vector in the space which is 
determined by the number of particles 
V2,0,0 
W2,0,1 
VY = |V3,1.0 
Ws.11 








where the three subscripts denote the number of nucleons, antinucleons, and 
pions, respectively. We are interested in V2,9,9in particular. The Hamiltonian 
H’ can also be decomposed accordingly, resulting in 


, , , 
H1"2,0,0;2,0.0 H’2,0,0;2,0.1 H’2,0,0;3,1,0 ° * * 


, , , 
H'2,0,1;2,0.0 H’2,0,1;2,0.1 4’2,0,1;3,1,0 ° * * 


, , 
H’ = |H 8,1,0;2,0,0 


The Schroedinger equation can then be written as a set of coupled equations 


(W — H’'2,0,1;2,0,1)¥2.0.1 = H’2,0,1;2,0.0%2.0.0 + A’2,0,.1;3,1.0%3,.1.0 + °° 


This infinite set of coupled equations is made finite by the assumption that 
only equations up to M; nucleons, N2 antinucleons, and N; pions are consid- 
ered. Once the set is finite one can eliminate, one by one, all Vzm,,’s except 
W200 and hence obtain an equation for the latter. It should be noted that 
in this scheme, once the original mutilating assumptions are made, the rest 
of the problem is solved self-consistently. This is unlike perturbation theory 
where the effect of higher-order terms back on the lower-order terms is 
never considered. Since the classification of states is made here in terms of 
the number of particles in the intermediate state, the diagrams are different 
from the conventional Feynman graphs. This was discussed in Section 1 of 
this chapter. 

The Tamm-Dancoff theory (147, 148) was used in essentially the above 
form by Lévy (149, 150, 151) to obtain a nucleon-nucleon potential. Some of 
his detailed calculations were wrong, as Klein (152, 153) pointed out. Two of 
the corrected versions are listed in Table I. The result obtained from the 
Tamm-Dancoff theory can also be obtained from the relativistic two-body 
equation (see Sect. 2-c of this chapter). 

The literature on the interpretation of the Tamm-Dancoff scheme as re- 
lated to the nucleon-nucleon scattering problem is extensive. Feldman (154) 
used a canonical transformation in the Tamm-Dancoff space. He emphasized 
that, like the Pauli reduction of the Dirac equation, the Tamm-Dancoff 
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scheme will be a good approximation at low energies. Baroncini (155) showed 
that the static second-order potential is the same as that obtained from other 
methods. Morpurgo & Touschek (156, 157) showed on an exactly solvable 
model calculation that the Tamm-Dancoff scheme gives a better approxi- 
mation than the perturbation theory but is still only qualitative. Okabayashi 
(158) made the mathematical remark that having solved the mth order 
equation one can get the potential operator for the (+1)th order just by 
integration. The convergence of the Tamm-Dancoff expansion was investi- 
gated by Meecham (159) and was found to exist for sufficiently low cutoff. 

The Tamm-Dancoff theory in the above form cannot be renormalized. 
Various schemes have been proposed to remedy this (160 to 172), all based 
on a covariant generalization of the method. These ‘‘new Tamm-Dancoft” 
schemes have been shown to work under special circumstances (173 to 177) 
but in general they are still not completely renormalizable (178). 

In the static limit the Tamm-Dancoff method gives a well-defined poten- 
tial just as any other method does (in this limit there is no difference between 
the old and new Tamm-Dancoff methods). In general, however, it gives an 
energy-dependent potential which is not a potential at all by our criteria. 
One can eliminate this energy dependence by iteration, for instance, but the 
resulting Hamitonian will not be Hermitian. This is a basic objection, at 
least for the practical case in which the elimination is carried out nonsym- 
metrically. A method to remedy this situation has been given by Fukuda, 
Sawada & Taketani (179) and Feldman (154) and will be discussed in the 
next subsection. 

(it) Probability interpretation of the Tamm-Dancoff method: The situation 
is again analogous to the reduction of the Dirac equation to a nonrelativistic 
form: since the latter neglects the ‘‘small’’ components of the wave functions, 
the over-all normalization of the wave function has to be adjusted. 

Let us start again with the Schroedinger equation 


H'Y, = (Hp + Hy) = WY 


where Vo represents all those states which for the free-pion field case repre- 
sent the two-nucleon state (pion vacuum). Not the whole space spanned by 
the Vo’s is, however, the two-nucleon subspace with the interaction present, 
but only W’» which is related to Vo by 

WV = IV’, 


that is, J~! is the projection operator from the whole Vo space to the sub- 
space spanned by the V’9’s. 
Since the Vo’s are normalized, we have 
(Wo1, Vor) = S12 
but 
(W'o, V'02) ¥ Siz 
Therefore, with the use of they’o’s, probability is not conserved, and hence 
the corresponding Hamiltonian is non-Hermitian. 
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The remedy is now at hand. Defining new state vectors 
Xo = (J*J)" po 
we have 
(Xu, %o2) = (W’n1, JtIW'o2) = (Wor, Vor) = diz 
that is, the xo’s are normalized and one has, correspondingly, for the 
Schroedinger equation 
(Hp + V)xo = Wxo 
where 
V = (J+J)"2J+(Hp — Ay) J(J+J)"2 — Hy 

The interpretation of (J+/J)/* is clear; it is the probability that no mesons 
are present. 

This modified scheme is often called the renormalized Tamm-Dancoff 
theory, a quite misleading term indeed. We would rather call it the adjusted 
Tamm-Dancoff method. It has also been investigated by Okubo (180) who 
was able to subtract closed loops. An evaluation in the static limit was done 
by Inoue ef al. (181) who found something close to the TMO potential. 

Their potential, called the Fukuda-Sawada-Taketani (FST) potential, uses 

an extended source, that is, a momentum cutoff. As a result, their “‘static’’ : 
potential (see discussion in Sect. 1 of this chapter) cannot be expressed in ' 
terms of the expressions given in Table I and the formulae preceding it, but 
numerical integrations have to be carried out. 

The most recent work using this method was by Sugawara & Okubo : 
(182, 183), who calculated also some nonstatic corrections (see Sect. 4 of this 
chapter). In particular, they get L.S terms and claim that they are unam- 
biguous. Their work, the Sugawara-Okubo (SO) potential, calculated for both 
pseudoscalar and pseudovector coupling, is given in Table I. 

(iit) The Brueckner-Watson method: This method is also based on an ex- 
pansion into immediate particle states, although it is not a series in the 
powers of the coupling constant but a method of successive approximations. 

In its original form (184, 185) the derivation of this method was based on 
the scattering matrix formalism. For comparison to the TMO and FST 
methods, however, it is more appropriate to quote Klein’s derivation 
(186, 187). 

Starting again with the Schroedinger equation we have 


H'y = (Hp + Aiy = Wy 


Let us assume for the time being that Hy is linear in meson operators and 
there are no pairs terms. Then 


A, = Ay + Ar 





in terms of emission and absorption operators, respectively. 
Just as in the Tamm-Dancoff case, we can write y in terms of particle 
number eigenstates 


y= 2 vim 
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where # is the number of pions (we assumed no nucleon pairs). Then we have 
the following coupled equations: 

(W — He)fo = MO 
(W — Hp) = Wye + Mio 


Now let us try to eliminate alternate components, e.g. ~i, Ws, °* * , Wong, °° * 
Using Gp =1/(W—Hp) we get the set of equations 
(W — Hen = [H1OGrPHi™ + HiPGpHyO Won 
+ Hy OGpHenge + Hi PGepH iO ypen_e 


opr eoeee#se¢@ese 8&@ ¢@ @ Pw eeeesae £8 06 SC OS 8 


Definin 
. Ao = AiGpH, 
Vo = D(Ao) 
Uo = N(Ao) 


where D(Ao) and N(Ao) are the diagonal and nondiagonal parts of Ao in 
particle occupation numbers, we can rewrite 


(W nae Hp) = Voven + UO Vens2 + Uo Wen-2 


We can now eliminate from this set of equations every second component, 
using 

A: = Uo(W — Hp — Vo)"Uo 

Vi = D(Ai) 

“Y= N(Ai) 
etc. 
The resulting U = >> Vx will be the potential we are looking for 
satisfying _ 

(W — Hp)po = Vo 
The practical results of the Brueckner-Watson method, like all others, 
can also be derived from a covariant approach, which will be discussed in 
Section 2-C-b of this chapter. In the static limit the method yields the 
Brueckner-Watson (BW) potential (185), as indicated in Table I. The 
constant \ appearing in it multiplies the pair terms they calculated; A +1 
means the full pair contribution, while \=0 is complete suppression. The 
Brueckner-Watson method of eliminating every second component can also 
be formulated, as Tani (188) showed, in terms of a series of canonical trans- 
formations rather than in terms of algebraic elimination. 
The Brueckner-Watson method was used by Gartenhaus (189), who de- 

rived a potential using a cutoff, following the Chew theory of pion inter- 
actions. Because of the cutoff, the integrations have to be carried out numeri- 
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cally, and hence the Gartenhaus potential cannot be expressed in terms of 
the analytic expressions preceding Table I. 

As in most of the cases discussed, the potential calculated from the 
Brueckner-Watson method is useful only in the static limit. In general, the 
resulting U is energy dependent, and the elimination of this energy de- 
pendence by iteration results in a non-Hermitian Hamiltonian. 

B. Methods based on the S matrix.—The S-matrix method of defining 
the two-nucleon potential is based on choosing a potential such that it gives 
the same S matrix as the one we would calculate from field theory. In particu- 
lar, denoting by P the time-ordered product, and { ) the expectation value 
in pion vacuum (two-nucleon state), the definition is 


(e[o0 (faa) = ofor(—+fv0) 


where the operators are to be understood in the interaction representation. 

It is clear that in general the ‘‘potential’”’ thus defined will be energy de- 
pendent. Furthermore, since in the scattering formalism V is directly re- 
lated to the R matrix, 

1 
R=V+V——_R 

+ E’—E+t+ie 
and since the off-energy-shell components of the R matrix can be chosen arbi- 
trarily as far as the S matrix is concerned, 


S = dzx — 2nid(E’ — E)R 


we have a great amount of arbitrariness in the definition of V. Various con- 
ventions are used. 

This method was used by Watson & Lepore (190) to obtain a fourth- 
order potential with radiative corrections. Essentially this method was also 
used by Kuni (191), although he actually calculated scattering amplitudes 
directly from the Low-type integral equation, using several approximations. 

A version of the S-matrix method was suggested by Nambu (192) who 
calculated the covariant fourth-order S-matrix contribution as well as the 
repetitions of the second-order covariant S-matrix element and then postu- 
lated that the difference between the two is the effect of the fourth-order 
potential. In this calculation the repetition of the second order is to be 
taken ‘“‘with full retardation corrections,’’ including all of its ladder dia- 
grams. A derivation of his method is given in the original paper and will not 
be repeated here. It is equivalent to the canonical transformation method 
with full recoil. The method was used by Taketani, Machida & Onuma to 
calculate their TMO potential in the static limit. This potential can also be 
obtained by canonical transformations (see Sect. 2-A-b). The TMO potential 
appears in Table I. Nakabayasi & Sato (193) used the method too and in- 
cluded some recoil in the intermediate state. They used both pseudoscalar 
and pseudovector couplings, and in the former their result agrees with Lévy. 

A particularly useful variant of the S-matrix method is based on the 





IRIE meson 
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recognition that if the diagrams in Figure 2 are bisected by a vertical line 
they fall into pion-nucleon scattering diagrams. Thus if one knows the pion- 
nucleon scattering amplitude on and off the energy shell, he can construct 
the S matrix also for these nucleon-nucleon diagrams. In theories which 
use expansions into the number of particles in the intermediate states, 
these diagrams (being ‘“‘ladder’’ diagrams) are assumed to be automatically 
included. Henley & Ruderman (194), who used this version of the S-matrix 
method, pointed out, however, that such diagrams could also be construed 
to be “‘recoil’”’ corrections to the one-pion-exchange terms and as such should 
be explicitly included. They used pion-nucleon scattering amplitudes as de- 
scribed by the fixed source (cutoff ) theory. With these, the ‘‘rescattering”’ 
corrections turned out to be quite small, in contrast with later work. The 
spirit of this method was also dominant in Sharp’s work (195); he also used 
the Chew cutoff theory to synthesize the nucleon-nucleon amplitude from 
the basic pion-nucleon amplitude. A similar approach was taken by Novoz- 
hilov and co-workers (196, 197, 198) who used explicit pion-nucleon phase 
shifts to express parts of the amplitudes. They found certain terms which 
were not included in the other potentials. An L.S term can also be calculated 
in this way. 

Similar schemes, although not in conjunction with cut-off theories, were 
also suggested by Miyazawa (199) and by Klein & McCormick (200). 
The Miyazawa version was turned into a potential by Konuma, Miyazawa 
& Otsuki (201, 202), while Klein & McCormick did their own calculations. 
These potentials are essentially the usual static potentials with various 
rescattering correction terms. The Konuma-Miyazawa-Otsuki (K MO) and 
Klein- McCormick (K McC) potentials are tabulated in Table I. In this con- 
nection one should also remark that Klein (203) gave the first proof that 
the part of nuclear forces which is associated with S-wave pion-nucleon 
scattering (at least as represented by the isotopic nonflip combination of 
scattering lengths) is small because the scattering is small. The basic idea 
of this approach to nucleon-nucleon scattering in terms of pion-nucleon scat- 
tering was discussed by Weisskopf (204) without using field theory. 

It is worth mentioning that the Miyazawa and Klein- McCormick schemes 
construct the nucleon-nucleon scattering amplitude from the knowledge of 
the pion-nucleon scattering amplitudes. Looking at it from this point of 
view, one can forget about the expansions and couplings and discuss the 
whole problem in terms of the properties and interrelationships of various 
scattering amplitudes. Thus these schemes form a bridge between the 
general approach of meson-theoretical potentials and the recent dispersion 
theory formalism discussed in Chapter V, where potentials are never men- 
tioned. The two approaches differ, however, inasmuch as the Miyazawa or 
Klein- McCormick schemes require the knowledge of the pion-nucleon scat- 
tering amplitudes on and off the energy shell, while dispersion relations deal 
always with amplitudes on the energy shell, although for unphysical values 
of the dynamical observables. 
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C. Methods based on the relativistic two-body equation.— 

(a) The Lévy-Klein method 

Lévy’s work (149, 150, 151) has been mentioned in connection with the 
Tamm-Dancoff formalism. Even in his first paper, however, Lévy men- 
tioned that the Tamm-Dancoff amplitudes can also be obtained from the 
“large’’ components of the relativistic two-body equation, the so-called 
Bethe-Salpeter equation (205), when the two times of the interacting nu- 
cleons are taken to be equal. This was discussed further by Lévy in his 
subsequent papers, to some extent by Hamada & Sugawara (206), and per- 
haps most thoroughly by Klein (152, 153, 207). See also work by Macke 
(208, 209). 

The Bethe-Salpeter equation in coordinate space can be written as 


X (x1, X2) = — f Spr (x1, X1")Sp (Xe, X2')G(x1', X20"; X1"", X02!) X (x1, X2!")\dxy'dxe'dxy"dx2" 


where x; and x2 are the position four-vectors of the two nucleons, Sp is the 
usual Dyson function, and X(x;, x2) is the two-nucleon amplitude. The 
kernel of this integration equation G(x1’, X2’; x:'’; x2’") is in practice to be 
expanded in terms of the coupling constant, giving 


G=G2t+Git-:: 
where, for instance 


G2(x1’, Xo’; gs x2"") = g?Ar(xy’ ot X2')5(x1’, x1'")5(x2’, Xe") 


where A; is again the field-theoretical function defined by Dyson. If only G2 
is used in the expansion of G, the iteration of the integral equation will pro- 
duce only iterations of the diagram in Figure 1, resulting in ladder-shaped 
diagrams. This is called the “ladder” approximation. 

If we want to use this covariant two-time equation for the derivation of a 
potential, we will at least have to make the two times equal. Denoting the 
argument of Ar by x=4x,'—x,’ we want therefore a 6(x*) appearing explicitly. 
Furthermore, the spatial part of Ap is replaced by 


+0 
Ar(x, xs)dx4 


0 


which, because 


St mg , es 
Ar(x) = - ah exp (saat —i i) da 
0 


gives just the Yukawa potential. Thus, indeed, the ‘‘nonrelativistic’’ reduc- 
tion of the Bethe-Salpeter equation gives something familiar from nonrela- 
tivistic theories. For a full derivation of the connection with the Tamm- 
Dancoff amplitudes, the reader is referred to the original references already 
quoted by Klein and Lévy. The Lévy calculations, corrected, resulted in two 
alternative potentials in the static limit, depending on which graphs were 
considered. They are given in Table I. The Lévy-Klein reduction of the 

















NUCLEON-NUCLEON SCATTERING THEORIES 127 





Bethe-Salpeter equation to a Schroedinger equation with only positive en- 
ergy states has been questioned by Arnowitt & Gasiorowicz (210). They ob- 
tained a closed expression for the potential which shows that the perturba- 
tion expansion is a poor one. 

(6) Other investigations of the Bethe-Salpeter equation 

In the previous subsection we touched upon the relationship between 
the Bethe-Salpeter equation and the Tamm-Dancoff method. Other investi- 
gations have also been made in this direction. In particular, Macke (208, 209) 
clarified the matter by deriving a nonrelativistic form of the two-nucleon 
operator 


[W — (my? + p*)"* — (ma? + p*)*Ja(p) = — Va(p) 


with W the total energy, — V the interaction potential operator, and a(p) a 
four-component wave function describing two nonrelativistic nucleons. 
Transformation of this equation can give something very close to the Tamm- 
Dancoff formulae. The above equation makes it easier to discuss the vacuum 
polarization and renormalization graphs. 

The most extensive and comprehensive work on the relationship between 
the Bethe-Salpeter equation and the Tamm-Dancoff formalism was done by 
Zimmerman (211). He emphasized that the main difference between the two 
is in the basic amplitudes. The Tamm-Dancoff amplitude, a probability 
amplitude, is defined with respect to the interaction-free vacuum (bare 
particles), while the Bethe-Salpeter wave functions refer to the vacuum of 
the total energy. The article also deals extensively with the differences in 
the use of graphs between the two methods. 

The single-time Bethe-Salpeter equation was futher discussed by Macke 
(212) in relation to the ‘new’? Tamm-Dancoff theory, showing that the 
latter is also derivable from the former. Wanders (213) showed that the 
nonrelativistic eigenvalue spectrum of the Bethe-Salpeter equation is identi- 
cal with that of the Schroedinger equation with a Yukawa potential. An 
extension of the Foldy-Wouthuysen transformation to the Bethe-Salpeter 
equation was given by Chraplyvy (214). A generalization of the Foldy- 
Wouthuysen transformation by Kursunoglu (215) was applied by him to the 
Bethe-Salpeter equation. 

The relationship of the TMO and BW potentials was discussed by Klein 
(187) starting from the Bethe-Salpeter equation. He concluded that in 
obtaining the TMO potential certain terms are neglected and that this omis- 
sion is never justified. On the other hand, in the derivation of the BW poten- 
tial the approximation at least has not been proved to be unapplicable. 

The formal mathematical properties of the Bethe-Salpeter equation were 
studied by Wick (216), for bound states, by analytical extension of the 
momentum space amplitude on the energy variable. He showed that for two 
scalar massless mesons, in the ladder approximation, the problem reduces to 
a Sturm-Liouville problem. The latter result was extended by Sugano & 
Munakata (217) to a scalar-spinor interaction. The technique of analytical 
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continuation in the fourth component was also used by Kemmer & Salam 
(218) for the scattering problem. A generalization of the Wick procedure 
was given by Ida (219). 

There are a number of other papers in addition to those mentioned above 
which deal with the reduction of the Bethe-Salpeter equation to a one-time 
equation. The Lévy (151) and Klein (153) method corresponds to taking the 
nonrelativistic limit after the Bethe-Salpeter equation has been iterated. 
Macke (209, 220, 221) laid aside at each iteration a one-time part. Symanzik 
(222) made his transformation on the renormalized Bethe-Salpeter equation. 

There are also some attempts at a general covariant solution still in the 
ladder approximation. For the special case when the binding energy of the 
two-nucleon system is equal to their two-nucleon rest energies, Edwards 
(223) and Goldstein (224) obtained solutions for bound states. Green (225) 
also studied this question. 

The scattering problem corresponds, however, to an inhomogeneous inte- 
gral equation, and erudite features of the Fredholm theory have to be used to 
produce solutions. The solution is the ratio of two convergent powers series 
in the coupling constant. This was discussed by Green (226) but the results 
are not in such form that comparison with experiments could be made. 

Nonrelativistic solutions, using also the ‘‘small’”’ components to order 7, 
have been obtained by Alekseev (227). Ladder approximation solutions have 
been given by Green & Biswas (139), Okubo & Feldman (228), Yama- 
moto (229), Cutkosky (230), Cutkosky & Wick (231), and Geffen & Scarf 
(232). The last three used the previously mentioned formalism of Wick. 
Cutkosky and Okubo & Feldman used an integral transform method for 
obtaining solutions. Gourdin (141), also using the ladder approximation, 
obtained the neutron-proton singlet scattering length and ‘‘verified’”’ the 
presence of the hard core. Scarf & Umezawa (233) showed that some co- 
variant solutions of the Bethe-Salpeter equation are spurious on physical 
grounds. Biswas (140) also obtained solutions in the ladder approximation 
for equal times. A general numerical solution of the Bethe-Salpeter equation 
for scalar particles interacting through a scalar massless particle was given 
by Vosko (234). He also outlined a general procedure for solving the equa- 
tion, based on variational principles. 

Normalization conditions for Bethe-Salpeter wave functions were dis- 
cussed by Allcock (235) for bound states. Once the wave functions are 
normalized, Nishijima (236, 237, 238) and Mandelstam (239) have shown 
that the construction of normalized transition probabilities and expectation 
values is formally simple. See also Klein & Zemach (240). 

The question of whether solutions exist at all was investigated by Mandel- 
stam (241), who found that for g?/4m <2/6 solutions always exist. More 
specifically he gave ranges for g?/4m as a function of angular momentum 
in which solutions exist. 

The renormalization of the Bethe-Salpeter equation was discussed by 
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Claesson (242) who calculated the renormalization constants by a power 
series expansion in the coupling constant and got a finite result. 

One can also use the Bethe-Salpeter equation as a basis for a nonlocal 
theory. This has been discussed by Jordan & Frahn (243, 244). It can be 
reduced to the usual local potential in the static limit. 

Some general attempts have also been made to reformulate the problem. 
Arnowitt & Gasiorowicz (245) have given a Green’s function treatment of 
the two-nucleon problem using a formalism by Neuman (246). Here, at 
least formally, no expansion into coupling constants or number of particles 
is needed. Glaser (247) gave another general covariant two-body equation 
in which the “covariant wave function’ contains only one Heisenberg 
operator and several creation and annihilation operators for incoming and 
outgoing particles. 

The list of papers on the Bethe-Salpeter equation given above is not 
meant to be complete, but to serve as a set of examples for the various 
aspects of the problem which have been under investigation. 

The main drawback of the Bethe-Salpeter equation is that it has been, 
so far, unamenable to a specific reduction to a potential. Several of the po- 
tentials calculated from other methods can also be derived from it, but these 
use only a fraction of the power and generality of the covariant equation. 
Perhaps the Klein-McCormick potentials (200, 248), discussed in the sub- 
section on the S-matrix approach, came closest. But the practical covariant 
treatment of the two-body problem is yet to come. The Bethe-Salpeter equa- 
tion has also been used to calculate electromagnetic effects of the two- 
nucleon system (249, 250). 


3. NONWEAK COUPLING THEORIES 


A. Intermediate coupling theory—The physical idea behind intermediate 
coupling theory is the subdivision of pions around the nucleon into two 
categories: the bound pions (called zero pions) and the unbound ones 
(the s pions). These two kinds of mesons can also be called inner and outer 
mesons, respectively. The zero pions are those which make a “dressed” 
nucleon out of the “‘bare”’ one, to use the field-theoretical language, and they 
participate in the processes determining the properties of the free nucleon. 
The s pions, on the other hand, are those occurring in dynamical processes. 
Thus, for instance, pion-nucleon scattering can be regarded as the conversion 
of an s pion to a zero pion and the subsequent reconversion. 

The mathematical formulation of the intermediate coupling theory was 
given first by Tomonaga (251) in terms of a Ritz eigenvalue problem in a 
Fock space, that is, in an expansion into particle occupation numbers. For 
the extensive details of the derivation, the original paper should be con- 
sulted. The basic states of the formalism are made up of the bare nucleon and 
a certain number of (zero) pions and perhaps even nucleon-antinucleon 
pairs around it. Extensive calculations were carried out to determine the 
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properties of free nucleons and, in this connection, the number of zero pions 
which, on the average, make up a dressed nucleon (252, 253). This number of 
course depends on the coupling constant, but it was found that for reason- 
able values of g’ for pseudoscalar pions, the number is quite small, which in 
a way ‘“‘justifies’’ the weak coupling calculations. 

The intermediate coupling formalism has also been applied to the nucleon- 
nucleon scattering problem. The general formulation (for scalar pions) was 
given by Hasegawa (254), while the application to pseudoscalar pions, with 
numerical calculations, was given by Nogami & Hasegawa (255). The idea is 
to divide the meson field into three parts: the zero pions of nucleon #1, the 
zero pions of nucleon #2, and the s pions. It is assumed that the individual 
dressed nucleons can be only in the four isobaric states with isotopic and 
ordinary angular momentum 3 or §. It is also assumed that the transitions 
between these states accompanied by the emission of an s pion can be neg- 
lected. Furthermore, nucleon recoils are neglected. This last assumption is 
an inherent feature of intermediate coupling theory, but in practice it is not 
a serious limitation since, as we mentioned before, unambiguous two-nucleon 
potentials are always taken in the static limit anyway. Furthermore, it is 
assumed in these calculations by Nogami & Hasegawa that a cutoff exists, 
that is, that the nucleons are extended sources. This is also an inherent fea- 
ture of intermediate coupling theory without which the calculations would 
diverge. It is, however, a more serious limitation because it turns out that the 
fourth-order potential, for instance, depends quite strongly on the kind of 
cutoff used. 

The method of calculating the potential is that discussed in Section 
2-A of this chapter: the potential is identified as the r-dependent eigen- 
value of the Schroedinger equation. The Hamiltonian consists of terms de- 
scribing the various meson fields and their interactions with (or conversion 
into) each other. The resulting potential is expanded into powers of e~*; thus 
the second-order potential gives the e~* part, corresponding to the one-pion- 
exchange potential in weak coupling. The e~* terms correspond to the 
fourth-order terms in weak coupling and represent the distortion of the zero- 
pion clouds resulting from the presence of the other nucleon and from the 
excitation into isobaric states. s-Pion exchanges are neglected which might be 
unrealistic. The results are not unlike the weak coupling results. The second- 
order potential is the same as that obtained in weak coupling and is un- 
affected by the effects of s-pion exchange or cutoff. The fourth-order 
potential, however, is considerably influenced by these factors. With a 
reasonable cutoff of 4.1 pion masses the resulting potential is similar to the 
Fukuda-Sawada-Taketani potential. 

B. Strong coupling theory.—In strong coupling theory the interaction is 
assumed to be so strong that a large number of virtual pions is present in the 
field. As an extreme instance, one can assume that the number of pions is so 
large that the quantization effects in the field can be neglected and hence the 
calculations can be carried out by classical field theory. Such a calculation is 
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reproduced in Bethe & De Hoffmann (8) and results in the same expression 
as that obtained for the second-order potential in weak coupling theories. 
The classical model is also used by Breit (256) to investigate general features 
of velocity-dependent effects in the two-nucleon potential (see also Sect. 4 of 
this chapter). In a less extreme case, one can resort to quantization. Such 
strong coupling theories were particularly fashionable in the decade of the 
forties when weak coupling theories appeared to be doomed because of the 
infinities. Wentzel (257) developed this theory, particularly in connection 
with the “pair theory”’ in which the basic quantum of the nucleon-nucleon 
field is a pair of mesons of some sort. These pair terms, however, also appear 
in present-day pion theories, as we have seen in Section 1 of this chapter. 
[See also (258, 259, 260).] The usual method used in such theory is an ex- 
pansion in the inverse powers of the coupling constant. A description of the 
general formalism was given by Tomonaga (261). The two-nucleon problem 
in this formalism was discussed by Pauli (262); his result for the interaction 
potential is again the old familiar second-order potential known from weak 
coupling. 

Recent work on strong coupling theory is scarce. Geilikman (263, 264, 
265) has performed a series of calculations for various fields, calculating vari- 
ous processes including the two-nucleon potential. He improved previous cal- 
culations, for instance, by treating the spin-vector quantum mechanically 
also. He calculated the potential to lowest order and obtained again the 
familiar second-order potential. Thus, strong coupling theory so far has not 
yielded any practical nontrivial result for nucleon-nucleon scattering. 

C. Nonlinear theories—There is no a priori reason to assume that in 
meson theories the meson operator appears linearly; the assumption is 
usually made on the basis of simplicity. As the linear meson theories ran 
into numerous difficulties, an increasing amount of incentive was offered to 
investigate the more complicated nonlinear theories. It is worth summarizing 
some of the reasons which prompted such investigations (266). 

(a) Linear theories gave a singular potential, regardless of the calcula- 
tional methods used. (6) Linear theories had difficulty giving a finite field 
energy for point sources. (c) Pseudovector coupling could not be renormal- 
ized. (d) It was difficult in linear theories to get a realistic, finite repulsive 
core. (e) Saturation of nuclear forces was not easy to explain within linear 
theories. (f) Nonlinear terms arose even if basically linear theories were used. 
Examples are nonlinear vacuum polarization terms, pair terms from the 
nonrelativistic transformation, possible pion-pion interaction terms, etc. 
(g) Multiple production of pions in nucleon-nucleon collisions was easier to 
explain in nonlinear theories (267). (h) Indication of nonlinear effects in 
computation of the nucleon magnetic moment was obtained. 

The relaxation of the linearity requirement of course opens up a multiply 
infinite number of possibilities, depending on the power of the meson vari- 
able involved, on the number of derivatives, etc. Moreover, these theories 
result in nonlinear differential (or integral) equations which have several 
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classes of solutions (e.g., ‘‘static’’ and ‘‘wave’’ solutions) that add to the 
ambiguity. Therefore, work had to be restricted to selecting, more or less 
randomly, a few simpler nonlinear theories and exploring their consequences. 

Most of the workers in this field have used classical theories, although 
there have been instances of the use of quantized schemes (268). It has been 
argued that certain low-energy features of the two-nucleon interaction 
should be given fairly well by the classical theory which, if successful, can 
then prompt the investigation of more realistic formalisms. 

Schiff investigated theories whose Lagrangian density is of the form 

1 ag? 1 


1 1 
rag ea: <a ee ae ea t 
L 7 7 (V4) 5e- ae + f(t, 


where y is the meson function. The wave equation is therefore 
0*> 


Sp = Vib ob + ate? + fir, l) 





that is, the nonlinear term is cubic. Schiff was mostly concerned with proper- 
ties of nuclear matter; his most interesting result is that he automatically 
gets a repulsive core. Borgardt (269) gave a purely mathematical treatment 
of more general cubic nonlinear equations. 
The most extensive work on nonlinear equations as related to nucleon- 
nucleon interaction has been done by Cap and collaborators (266, 270 to 
274). His most successful model used the Lagrangian 
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where 


The “‘dipole”’ solution of the corresponding field equation is 
An(r, 0) = —>- R(x) cos 6 = gra(6-W)G(2) 
Vop 


where R(x) is a function satisfying the equation 
R — R'/x — R/x? 
1 — R? 
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That is, the function G(x) has the properties of 
G = [ Reds; lim G(x) = e*/x 
200 


This means that in the limit of large x the function goes into the Yukawa 
function. Correspondingly the interaction energy is 
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and hence, for large x, we get again the familiar second-order weak coupling 
potential. This is a necessary requirement for any theory, since the long- 
range part of the potential has been experimentally verified to a fairly high 
degree (see Chap. IV). 

The above nonlinear theory has been quite successful in explaining the 
properties of the deuteron, although it has no adjustable constants beside 
the coupling constant. It also gives a quite isotropic differential cross section 
for p-p scattering at high energies, also in agreement with experiments. 


NUCLEON-NUCLEON SCATTERING THEORIES 


4, CALCULATION OF CORRECTIONS 

A. “Nonstatic’’ or recoil corrections.—So far, we have discussed mainly 
calculations of the two-nucleon potential in the static limit, that is, when 
only terms to the lowest order in 4/M are kept and terms containing the 
nucleon momentum # are neglected. Since, however, u/M is not very small 
and »/ WM is also appreciable in most of the elastic scattering energy region, 
corrections to this static potential are of interest. 

Calculations of these corrections can be made by any of the methods 
discussed in the previous sections. Let us illustrate the problem using the 
method based on the Schroedinger equation. Instead of first finding the 
lowest eigenvalue of 

H'y = Wy 

and then solving 

(Hw + Wo)¥(t) = Eyer) 
as we did in Section 1, we now want to solve the exact equation 

(Hy + H’\y = Ey 
Let us denote by U the transformation which ‘‘diagonalizes’’ H’ (in the 
sense of Sect. 1-A). Using 
W=U"9H-U, y=Ue 

we get 

(U“HnU + W)@ = E® 

In the approximation used in Section 1-A we assumed that U and Hy 

commute, and thus got 

(Hy + W)® = Ee 
In general, however, U and Hy do not commute. Thus the equation is, 
instead, 


(Hy +W+w)®x E® 
where w is calculated from U, and the ensuing Schroedinger equation can 
be solved in an expansion in y/M, because 
w~ p/MW 
The kind of corrections obtained from such calculations is twofold. Some 
are still velocity independent but give higher-order terms in u/M. Others 
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give correction terms explicitly dependent on the nucleon velocity. The most 
common of these is the spin-orbit term. Such addition gives a potential 
which is different in different angular momentum states and hence is not 
really a potential in the sense we use in this article. The use of such L.S 
terms is, however, quite widespread, encouraged by the success of the pheno- 
menological Marshak-Signell and Gammel-Thaler potentials which include 
such an expression (see Chap. IV). Some other terms, however, are even 
more complicated than this. There are quadratic spin-orbit potentials (see 
Hamada potential, Chap. IV), perhaps still in the tolerable category al- 
though they do not satisfy the requirements given in Section 1 of this chap- 
ter. Some of the correction terms, however, contain the nucleon energy 
explicitly. At this point the usefulness of the potential concept becomes 
marginal, since it does not much simplify the description of the scattering 
process compared to, say, a phase-shift formalism or the knowledge of the 
scattering amplitudes as functions of energy. In fact, an equivalent descrip- 
tion can be constructed in terms of dispersion relations using the spectral 
function on the left-hand cut in the energy plane. Such a description of the 
scattering amplitude (see Chap. V) has also been lately referred to as the 
potential. Basically, these enormous extrapolations of the potential concept 
simply reflect the basic failure of the simple and conventional potential to 
account for the two-nucleon interaction. For an extensive discussion of the 
kind of terms one can get in such generalized potentials, see (256) and (32). 

Recoil corrections are calculated by many authors. Shindo & Nishijima 
(275), already quoted above, get an L.S term opposite to what a shell model 
would require for nuclei. Extensive work was done by Nakabayasi, I. Sato 
(193), and I. Sato (276), who used the Nambu method. They, like most 
workers, made an expansion in u/M (or n/M) and used the first few terms. 
They found a large correction which in some cases even changed the sign of 
the potential. Both velocity-independent and spin-orbit terms resulted. Some 
consequences of this spin-orbit term in nuclear physics were calculated by 
Araki (277) and also by Dresner (278); the latter found it too small for the 
purpose, while Sato thought it large enough. See also (279) and (280). 

The terminology of ‘“‘nonstatic” and ‘‘nonadiabatic’’ corrections is some- 
what loose. As an illustration, Feldman (154) showed that the “‘nonadiabatic, 
velocity-dependent” corrections of Lévy and Klein are neither nonadiabatic 
nor velocity dependent, inasmuch as they already appear in the static limit, 
although in higher order. A similar point was also made by Sugawara & 
Okubo (182, 183) who showed that g’7/M terms can be converted into g* 
terms. They also used the Fukuda scheme and calculated ‘‘nonstatic’”’ terms 
up to g’n?/M? and g‘n/M (the two are equivalent). They obtained an L.S 
term, but also a term of the form [V:2(r), 9?/2M?] which, they emphasized, 
contributes to the long-range force and changes (although by a small 
amount) the usual one-pion-exchange potential. They worked with both 
pseudoscalar and pseudovector couplings. For a numerical evaluation of 
their potential see Table I. 
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The effect of recoil in a relativistic context was discussed by Araki (281) 
who found it small in the nonrelativistic limit. On a scalar model, Power 
(282) showed that nonstatic corrections are needed to give the right phases 
in a Born approximation. Eder (283) also calculated corrections starting 
from the Bethe-Salpeter equation; he found a strong additional attraction 
in the fourth order. Novozhilov & Terent’ev (198), synthesizing the potential 
from pion-nucleon scattering, took partial recoil into account. They ex- 
panded up to 9/M, arguing that y*/M? terms are equivalent to higher-order 
static terms. Iwadare (284, 285) also calculated nonstatic corrections and 
found them small beyond a pion Compton wavelength, but large inside it; 
he gave an explicit list of expressions for the various kinds of corrections. 
The method of Klein & McCormick (200, 248), which constructed the po- 
tential from pion-nucleon scattering, also calculated pion-nucleon scattering 
corrections, some of which are also “‘recoil’”’ corrections. These calculations 
were extended by Tzoar, Raphael & Klein (286) to include terms that are 
first order in nucleon momentum. They obtained an L.S term which is not 
wholly unlike the phenomenological Marshak-Signell potential. 

A startling result was presented by Gupta (126, 287). He used an S- 
matrix type of method to calculate the fourth-order potential, which is 
listed in Table I. He also arrived at the general conclusion that the usual 
expansion into powers of u/ M is incorrect and can furnish misleading results. 
This conclusion agrees with that of Charap & Fubini (15) and has also been 
discussed in Section 1 of this chapter. Gupta’s own calculations do not use 
such an expansion and hence are valid to all orders of u/M. He does make 
the approximation, however, of considering the nucleon momenta squared 
small compared to the nucleon mass. In this ‘nonrelativistic’? approxima- 
tion he derives a potential, which is given as a numerical table. Its fourth- 
order contribution consists only of a central part. 

A third paper of Gupta’s (288) calculated the L.S term resulting from 
a scalar p® meson with a mass about twice the pion mass and found good 
agreement with the phenomenological L.S potential of Signell, Zinn & 
Marshak (18). 

In summary, we see that the calculation of nonstatic corrections is not a 
straightforward and unambiguous process. There are some who interpret 
this fact simply as a practical difficulty, caused by the calculations not hav- 
ing been carried far enough, and by the various calculational schemes being 
markedly different in the approximate form in which they have been used. 
Others, however, claim that this complexity is an eloquent demonstration 
that the potential concept is not necessarily the best way to describe the 
nucleon-nucleon interaction beyond its crudest features. As will be shown 
in Chapter V, the alternative approach of the dispersion relations eliminates 
most of the ambiguities in principle, perhaps at the cost of making the de- 
tailed calculations more complex. Whether the practical calculations result- 
ing from dispersion relations will be more reliable than those of potential 
theory is, however, yet to be seen. 
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B. Radiative corrections —Radiative corrections consist of the effects of 
virtual pions emitted and reabsorbed by the same nucleon. Such correction 
graphs can be drawn to correspond to any of the graphs we have discussed. 
The radiation corrections to the graphs corresponding to the second-order 
potential are particularly simple to calculate. It can be shown (289) that at 
large distances they alter the second-order potential only inasmuch as the 
coupling constant has to be replaced by the renormalized coupling constant 
and the bare pion mass by the renormalized pion mass. Thus, formally, one 
gets the well-known second-order potential even if radiative corrections are 
included. 

For the fourth-order potential the situation is different. Here the radia- 
tive corrections change the form of the potential as well as its strength. 
There are several calculations of the fourth-order radiative corrections. 
Ruderman (290), e.g., calculated them for pseudoscalar coupling and con- 
cluded that while they are large, they affect the potential mostly at small 
distances where higher-order effects are operative anyway. Brueckner (291) 
also calculated radiative corrections to demonstrate, using a Tamm-Dancoff 
type formalism, that they can bring about a suppression of pair effects and, 
hence, account for the small S state in the pion-nucleon interaction (see also 
Sect. 1 of this chapter). 

Radiative corrections were also included in the type of calculations where 
the nucleon-nucleon scattering is composed of two pion-nucleon scattering 
diagrams (see Sect. 2-B of this chapter), but here they are submerged in 
many other effects so that it is difficult to estimate their magnitude [see 
e.g. the KMO potential (201, 202)]. For other information on radiative cor- 
rections see also (190) and (292). 

C. Higher-order corrections.—There are good reasons for not attempting 
the calculation of higher than fourth-order potentials. First, the calculations 
become prohibitively laborious and hence only certain “representative” 
graphs can be treated. Second, the range of the sixth-order potential is 
already small enough so that the potential is mostly (but not wholly) blotted 
out by the repulsive core, the origin of which is unknown anyway. Finally, 
the difference in the ranges of the sixth- and eighth-order potentials is quite 
small so that the sixth-order potential would be dominant only over a very 
small range of r. 

Accordingly, there are no available calculations aiming at a good quanti- 
tative evaluation of these higher-order potentials. The calculations are 
usually qualitative and are designed to exhibit either some general property 
of nuclear forces or the reliability of the lower-order potentials. Thus, 
Werle (293) concluded from his relativistic calculations that these higher- 
order effects always appear in conjunction with the relativistic corrections 
to the lower-order static potential. Henley & Ruderman (194) stated that 
the neglect of these higher-order terms affects the reliability of the lower- 
order potential also. Klein (128, 129) calculated some higher-order graphs 
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to study the convergence properties of the coupling constant expansion (see 
Sect. 1 of this chapter). Machida & Senba (294) were concerned with the 
range of the sixth-order potential but found it small enough so that the 
second- and fourth-order potentials should be reliable beyond one fermi or so. 

D. Multiple-scattering correction—The virtual mesons produced in the 
nucleon-nucleon scattering processes can be scattered by the nucleons before 
they are finally absorbed. Such multiple-scattering corrections have been 
evaluated by Brueckner & Watson (185). Sometimes the distinction between 
the multiple-scattering and radiation corrections is not clear, particularly 
when the scattering is by one of the two nucleons only. Brueckner & Watson 
found that multiple scattering by both nucleons is more important but is 
restricted to small distances, those below a fermi. 

Calculations of multiple-scattering effects for a scalar pair theory have 
been performed by Hasegawa & Azuma (295, 296). 

E. Miscellaneous calculations——The effect of the pion-pion interaction 
on nucleon-nucleon scattering has been emphasized recently in connection 
with the dispersion-relation techniques; however, it was investigated to some 
extent long before dispersion relations became a vogue. For instance, Bonne- 
vay (297) showed that the interaction of the two intermediate mesons in the 
fourth-order graph implies changes in the coupling constant of this graph. 
This implication tends to support Lévy, who used two different coupling 
constants in his fourth-order calculations. Pomeranchuk (298) investigated 
the effect of the meson-meson interaction on the pion-nucleon vertex func- 
tion in nucleon-nucleon scattering and found it negligible. 

The nucleon-nucleon potential has been discussed extensively in terms 
of various isobar models where the excited states of the nucleon are taken 
into account in some simplified way. A meson-theoretical version of such a 
theory was given by Matsumoto, Hamada & Sugawara (299). They intro- 
duced an additional Hamiltonian describing the spin $ excited state and 
calculated up to fourth order. They found that while the ranges do not 
change very much, the isobar effect adds an immense central and a minute 
tensor potential. 

A general discussion of the velocity-dependent features of nuclear po- 
tentials was given by Breit (256), using a classical field formalism. A “‘static”’ 
limit is taken. In addition to the usual L.S terms he also found a term pro- 
portional to (Si2)?. Velocity-dependent core radii are also a possibility. The 
L.S term is different in even and odd states. 

Pekar (300) has investigated the question whether there exist stationary 
quantum states of two nucleons interacting through pseudoscalar pions. The 
answer is in the negative for pseudovector coupling, and the proof does not 
depend on perturbation theory. 

In all the theories discussed so far in this report, it was assumed that the 
nucleon-nucleon interaction is due to the direct interaction of nucleons and 
pions. Ferrari & Fonda (301) considered the possibility of an intermediate 
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boson between the nucleon and the pion. This extra leeway could account 
for the different core radii in singlet and triplet states. Pseudovector cou- 
pling is assumed between the nucleon and the intermediate boson, and the 
coupling between the intermediate boson and the pion is taken to be direct. 
Ferrari & Fonda use 5 m, for the mass of the intermediary. 

Among the many papers on the potential theory of nucleon-nucleon scat- 
tering, one of the remarkable ones is by Charon (302) who tried to describe 
the nucleon-nucleon interaction in terms of purely electrodynamic forces 
between charges moving almost with the velocity of light. 


IV. COMPARISON OF THE MESON-THEORETIC 
POTENTIALS WITH EXPERIMENT 


The conspicuous lack of agreement that was exposed in Chapter III as 
to how the “potential” should be computed from meson theory, and the 
uncertainty as to how these calculations are to be joined to an inner phenom- 
enological region, make any straightforward comparison with experiment 
impossible. We will therefore follow the Taketani (12) program already re- 
ferred to, by first establishing the validity of the one-pion-exchange part of 
the interaction and only then attempting to see what can be said about the 
inner regions. 


1. PRooF OF THE VALIDITY OF THE ONE-PION-EXCHANGE INTERACTION 


The success achieved in establishing the validity of the one-pion-exchange 
potential (OPEP) at large distances through 1956 is discussed in detail in a 
useful review by Iwadare, Otsuki, Tamagaki, and Watari (303). The clear- 
est evidence comes from the sign and magnitude of the deuteron quadrupole 
moment and triplet effective range. That the sign of the quadrupole moment 
shows the pion to be a pseudoscalar rather than a vector particle had already 
been noted (304). Lopes & Feynman (305) failed to obtain agreement with 
the quadrupole moment and triplet effective range because they took their 
value of the coupling constant from the singlet scattering (which we shall see 
below is unreliable). Iwadare et al. (306, 307) integrated the deuteron wave 
function inward up to one-pion Compton wavelength using the one-pion- 
exchange potential and then used an arbitrary but smooth wavefunction 
inside. Because of the loose structure of the deuteron, Q and *7, are most 
sensitive to the outer part of the wave function; and Iwadare e¢ al. found 
that the experimental values can be fitted only if the pion-nucleon coupling 
constant lies in the range 0.065 <f? <0.09, in good agreement with the value 
determined from pion-nucleon scattering. This result is reasonably insensi- 
tive to the magnitude or sign of the inner central part of the potential, while 
the wave functions which reproduce the experimental values show that the 
tensor potential must remain strongly attractive in the two-pion-exchange 
region. They noted that Lévy (130) failed to fit the quadrupole moment be- 
cause he used a coupling constant of f?=0.053, while the fits obtained by 
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Brueckner & Watson (185) and Gartenhaus (189) are consistent with their 
results. 

One interesting result of this type of calculation is that the percentage 
D state predicted by such models is always greater than 5 per cent, in con- 
trast to the nonrelativistic calculation of 4 per cent from the magnetic 
moment. Mesonic corrections could certainly accommodate a 7 per cent D 
state, but there is no general agreement even as to the sign of these cor- 
rections. Both the photodisintegration of the deuteron [see e.g. (308)] and 
the coherent photoproduction of neutral pions from deuterium (309) favor 
this high value. Unfortunately we have no space to discuss this interesting 
question here. 

Having established that the one-pion-exchange potential is in agreement 
with the triplet even state, Iwadare et al. (306, 310) discuss the So scattering 
length and effective range. A phenomenological Yukawa potential requires a 
meson mass much larger than the experimental meson mass to fit these 
parameters (311 to 315). If the experimental meson mass is used, the cou- 
pling constant must be 0.2, and the effective range is 50 per cent too large 
(305). These results are, however, consistent with the pion potentials, since 
all calculations agree that two-pion exchange gives a strongly attractive 
force in the singlet even state, which is needed to obtain agreement with the 
experimental '¢ and 'r, when a one-pion potential with the meson mass and 
f?=0.08 is present. The authors noted that if there is also a short-range 
repulsion, the attractive region must increase in strength and decrease in 
range if the experimental numbers are still to be reproduced. Going to the 
limit indicated, they find that f* must be greater than 0.07, whatever hap- 
pens in the multipion and phenomenological regions. Earlier work on the 
low-energy parameters using models with one-pion-exchange tails was done 
by Komoda & Sasaki (316), and by Taketani, Machida & Onuma (317); 
more recent calculations with such models, by Sugawara (318) and Young 
& Cutkosky (319). The effect of the charged-neutral mass difference on the 
apparent charge dependence of the 'So state will be discussed in Chapter V. 

The inclusion of one-pion-exchange effects in phenomenological phase- 
shift analyses, which was discussed in detail in Part I, has greatly increased 
the strength of the evidence for validity of the meson theory of the long- 
range part of the nuclear force. The idea arose from a study of the analytic 
properties of scattering amplitudes, but it seems more appropriate to discuss 
the results here rather than in Chapter V. In fact, Breit & Hull (320) showed 
that, for one-pion exchange, the appropriate relativistic modification of the 
calculation of scattering by the potential leads to formulae identical to those 
used by Cziffra et al. (321). Breit & Hull discussed the effective localization 
of the interaction in space for different angular momentum states. 

The simplest application which has been made of the one-pion-exchange 
pole in the scattering amplitude is to determine f* by extrapolation of 
neutron-proton differential cross sections (322). All such extrapolations 
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(323, 324) except one (325) have given too low a value for the coupling 
constant as compared to the usually accepted value determined from pion- 
nucleon scattering. Where scattering data are sufficiently extensive to allow 
a phase-shift analysis, inclusion of the pole term not only gives a good value 
for the coupling constant, but also helps reduce ambiguities in the phase- 
shift analysis (321, 326, 327). An interesting variant of the method used by 
Signell (328) shows that the pion mass can also be measured using nucleon- 
nucleon elastic scattering. More detailed information is obtained by invoking 
the continuity of phase shifts as the energy is varied and by using all the 
scattering data simultaneously. By this means Breit ef al. (115) have ob- 
tained three important results about the one-pion-exchange potential. First, 
they showed that the same value of G? fits both n-p and p-p data (329). Sec- 
ond, the best value of the ratio of the g“-g® term to the tensor term is that 
predicted by this potential. Finally (except for 'Gs4, as expected from the 
strong two-pion attraction already mentioned), they found that no long- 
range interaction can be added to this potential for L >4 states without less- 
ening the agreement with experiment (330). The statistical accuracy of these 
results is low, but because of the large amount of data used, these findings 
provided suggestive evidence for the one-pion-exchange potential. 

The above survey makes it clear that a combination of experimentally 
independent facts shows that pion theory can quantitatively predict the 
longest-range part of the nuclear interaction and that the first part of the 
Taketani program has succeeded. The study of the intermediate region has 
produced no such clear-cut results, partly for experimental reasons. We 
still have no experimentally unique phase-shift analyses at our disposal at 
any energy, and before 1959 or 1960 the only reasonably complete set of 
experimental data available was at 310 Mev. Two quite differently moti- 
vated attacks on the problem resulted. Since the Japanese school did not 
believe that the potential concept could be trusted above 100 or at the most 
150 Mev, they remained, in the main, content with attempting to show that 
existing cross-section (and later polarization) data were consistent with some 
of the calculations of the potential in the intermediate region. People more 
closely connected with the phenomenological program described in Chapter 
II tended to take the meson-theoretic potentials more literally and to insist 
that they satisfy the rigid quantitative criteria used in evaluating phenome- 
nological models. They had to rely more strongly, therefore, on the phenome- 
nological elements in their potentials and tended to introduce these without 
too much theoretical justification. We will now review the relevant calcu- 
lations. 


2. MESON-POTENTIAL CALCULATIONS AT HIGH ENERGY 


The *P phase shifts in proton-proton scattering below 20 Mev offer at 
first sight a promising quantitative test of the triplet even potential. Unfor- 
tunately, in the region below 4 Mev where these shifts can be approximated 
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by a single equivalent P phase (331), they are now known to be smaller 
than vacuum-polarization effects (332). Therefore, the original attempt to 
analyze them made by Otsuki & Tamagaki (333) must be disregarded. 
Recently, Otsuki, Taketani, Tamagaki & Watari (334) re-examined this 
question and showed that the 4- to 20-Mev odd-state p-p scattering does 
give evidence for the repulsive one-pion-exchange-potential tail. As Breit 
& Hull (320) emphasized, P waves are not completely shielded from the 
inner regions by the centrifugal barrier and cannot be used for a quantita- 
tive test of the one-pion-exchange potential at any energy. Published phase 
shifts (335) below 4 Mev are in significant disagreement with the “Japanese 
pion potential’ (336). Unfortunately, the data have recently been revised 
for experimental reasons (337), so the whole question will have to be re- 
examined. Above 4 Mev, the equivalent P phase approximation is inap- 
plicable, so we are faced with the fourfold Clementel-Villi ambiguity dis- 
cussed in Part I and with a large uncertainty in the 1So phase. Fortunately 
(see Chap. V), Riazuddin (338) has been able to prove that the particular 
set of P phases favored by the pion theorists in the 4- to 20-Mev range are 
the only ones compatible with the nucleon-nucleon dispersion relations. Con- 
sequently, the discussions of Otsuki & Fujii (339, 340), Iwadare et al. (341), 
and MacGregor (342) are still relevant, and the pion theory is again con- 
firmed, qualitatively. We prefer not to give a quantitative discussion in the 
absence of the triple scattering or spin correlation experiments needed to 
give a good value of the 'So phase in this range. 

Comparison of the TMO potential with n-p and p-p differential cross 
sections up to 100 Mev has been given by Fujii et al. (343, 344) and Matsu- 
moto & Watari (345), and with n-p polarization at 100 Mev by Iwadare 
et al. (346); similar comparisons for the Brueckner-Watson potential are 
given by Brueckner (347). The most charitable description of the agreement 
would be to call it semi-quantitative; and without comparing them to recent 
measurements, particularly depolarization, we can only say that these po- 
tentials are not known to be unreasonable. 

Turning now to cases where more detailed calculations have been made, 
we can make more definite statements. The Lévy potential (in the form 
V.+A Va with A adjustable) is in fair agreement with the low-energy param- 
eters if one uses different singlet and triplet core radii, according to Jastrow 
(348). However, neither Blatt & Kalos (349) nor Preston & Shapiro (350) 
were able to obtain acceptable results when the experimental errors were 
taken seriously. Martin & Verlet (351) showed that the Lévy potential 
agrees with 18-Mev proton-proton scattering [this is consistent with the 
analysis of Iwadare et al. (341)] but already fails at as low energies as 32 
Mey. Gelernter (352) and Wertheim et al. (353) agreed that the Lévy po- 
tential is hopeless at higher energies. Similarly, Gammel & Thaler (354) 
found that the Gartenhaus potential, when taken literally, bore little rela- 
tion to the high-energy data, but they noted that this could well be true 
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because of the unrealistic calculations in the inner regions. This lack of 
realism is obvious when one realizes that the Gartenhaus potential predicts 
bound P states! 


3. THe L.S CONTROVERSY 


The Gartenhaus potential did lead to a most interesting development 
when Signell & Marshak (16) found that by adding to it a purely phenome- 
nological L.S potential they could account for all proton-proton data up to 
150 Mev. Both this model and that of Gammel & Thaler (84, 85, 86) pro- 
voked strong criticism (see next paragraph) on the grounds that there was 
no warrant in meson theory for the L.S term of either this range or strength, 
and in the case of Signell-Marshak for the bound P states just mentioned. 
Signell & Marshak (17) eliminated the second objection by modifying the 
inner regions of the Gartenhaus potential, but this did not help the disagree- 
ment at 200 and 300 Mev (355); however, shortening the range of the L.S 
force to an acceptable value improved the situation considerably without 
destroying the agreement previously obtained at lower energies (18). 

The papers by Otsuki e¢ al. (356), Otsuki (357), Watari (358), and 
Tamagaki (359), followed by the more detailed analysis of Hamada et al. 
(360, 361) in which the L.S models are criticized, are of primary importance 
in understanding the position the meson theory of nuclear forces had 
reached by 1958. They emphasized in 1956 that there was already strong 
evidence that to arbitrarily ignore the one-pion-exchange potential in the 
nuclear force problem might be dangerous. The analyses of Hamada et al. 
(360, 361) are particularly interesting in their demonstration of how far it is 
possible to disentangle a complicated experimental situation by making full 
use of the leads given by the pion potential. These analyses anticipate the 
power that has come with the modified phase-shift analysis. These authors 
concluded that, within the rather large uncertainties of the intermediate 
region, it is unnecessary to use an L.S force to explain the 90- and 150-Mev 
proton-proton data. However, they were aware that their conclusion de- 
pended on the depolarization (D parameter) at 150 Mev being very negative 
at large angles. ‘‘If it is decisively found that D is positive, it may mean some- 
thing not so simple for the pion theory of nuclear forces’’ (361). The reason 
for this requirement has been clarified by Nigam (362, 363). Depolarization is 
particularly sensitive to the *P» phase, and a large positive value of this phase 
shift makes the depolarization very negative at large angles. The long-range 
tensor force predicts a large positive *P») phase, and in a P state this cannot 
be cut down much by any core of reasonable size. The repulsive L.S force 
now in use is of sufficiently short range to leave *P» positive at low energy 
but causes it to change sign a little above 150 Mev to achieve agreement with 
the data at 210 and 310 Mev. It has now been reported (364) that the de- 
polarization is close to zero at large angles in 150-Mev proton-proton scat- 
tering. Therefore, the analysis of Hamada et al. (361) just quoted establishes 
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the existence of a strong spin-orbit, or at least nonstatic, effect at 150 Mev; 
this can also be seen at 100 Mev. 


4. SEMIPHENOMENOLOGICAL POTENTIAL MODELS 


Still better fits to the proton-proton data have been obtained recently by 
Bryan (19), and to both neutron-proton and proton-proton data by Hamada 
(20, 21). These models satisfy the requirement of using the one-pion-ex- 
change potential for the long-range part and have shorter-range parts whose 
form, at least, is suggested by meson theory, though the parameters of this 
middle region are treated phenomenologically. They include, of course, an 
L.S force; and Hamada also claimed to find some evidence for a term 
quadratic in L, called Q=3[(L-6™)(L-6@)+(L-6)(L-6™)]. These models 
tend to be very singular just outside the core; so replacing this region and the 
core by an energy-independent boundary condition, as Lomon (22) and more 
recently Saylor, Bryan & Marshak (365) did, may achieve the same results 
more simply. An alternative suggested by Moszkowski & Scott (97) which 
has advantages in nuclear structure calculations is to replace the boundary 
condition by a free-particle wave function inside the boundary; it is perhaps 
capable of similar predictions (366). 

We see that the followers of the Taketani program and the semi-phenom- 
enologists have converged to the point where the results achieved by 
either group will be useful to both. The remaining theoretical problems are 
(a) to show that those few calculations which predict a strong enough L.S 
force [e.g. (286)] are unambiguous and (6) to show in detail that predictions 
for the middle region are consistent with the semi-phenomenology of this 
region. These are undoubtedly interesting and useful projects and probably 
could eventually be achieved by one or another of the methods discussed in 
Chapter III. We believe, however, that the approach discussed in the next 
chapter is clearer in principle and perhaps even easier to apply. We there- 
fore expect that the solution will come from that direction. 


V. CALCULATIONS OF NUCLEON-NUCLEON SCATTERING 
FROM ANALYTICITY AND UNITARITY 


During the latter half of the period under review, a new approach to 
problems involving strong interactions has been developing. The objective 
of this approach is to compute the scattering matrices for any process involv- 
ing strongly interacting particles directly from the analytic properties of 
these matrices (which are connected to causality) and from unitarity (con- 
servation of probability), using only the general postulates of quantum field 
theory and a knowledge of the mass spectrum of the strongly interacting 
particles. This possibility was first mentioned by Gell-Mann (367) and is 
now becoming an actuality. Current methods use analytic properties derived 
(to all orders) from renormalized perturbation theory, and they could re- 
generate that series without ever invoking infinite quantities. But they can 
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probably be used where perturbation theory does not converge. Further, they 
can be used to construct a consistent covariant phenomenology in which 
the phenomenological elements can be systematically reduced as the theo- 
retical calculations become more complete. Whether or not this approach suc- 
ceeds in providing a complete dynamical theory of the strong interactions, we 
think it has already proved such a useful framework for discussion of these 
problems that future work is bound to be increasingly more often pre- 
sented in this language. We therefore feel justified in presenting a reasonably 
complete qualitative discussion of the method, even though quantitative 
comparison with experiment has not yet been carried through for many inter- 
esting questions. 

The general reader will find a review recently given by Mandelstam 
(368) a useful starting point for studying this subject. We rely in what fol- 
lows on a preliminary talk given by him along these lines. Traditionally, the 
starting point of quantum field theories has been the quantization of the 
classical local Lagrangian. Because of the uncertainty principle, infinite 
quantities necessarily appear in the theory and have to be removed by the 
renormalization of the ‘‘bare’’ masses and coupling constants which appear 
in the original Lagrangian to the physically observed values. If this pro- 
cedure is carried out consistently and it is required that spacelike separated 
operators commute (the causality requirement), the Lagrangian proves to 
have a unique form once the masses and quantum numbers of the particles 
are specified. It is therefore plausible that the finite results of the renormal- 
ized theory should be obtainable from the general postulates of quantum 
field theory and the mass spectrum and quantum numbers of the particles 
without the introduction of infinite quantities. The problem is to find a 
method. We note that if this general philosophy is correct, there is only one 
theory for pseudoscalar pions interacting with spin-} nucleons; hence there 
is no place within this framework for a difference between pseudoscalar and 
pseudovector coupling. 


1. GENERAL THEORY OF MANDELSTAM REPRESENTATION 


A. The relationship between analyticity and causality——A useful way to 
impose the causality requirement on the theory is by requiring the transition 
matrices to be boundary values of the appropriate analytic functions of the 
energy variables. That analyticity should be connected with causality can 
be seen on quite general grounds. A causal system is one in which a knowl- 
edge of its behavior over a finite (but arbitrarily small) period of time allows 
a prediction of its behavior at all other times. In classical theories this is ac- 
complished by specifying the behavior in terms of differential equations, but 
the uncertainty principle prevents us from using such a differential descrip- 
tion in quantum field theory. However, an analytic function is completely 
determined over its entire region of analyticity from a knowledge of any 
finite part; that this is true clearly offers an alternative mathematical 
method for building causality into the theory. The basic connection between 
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the relativistic causality requirement and analyticity originates because a 
signal cannot propagate faster than light. Hence, a scattering amplitude is 
zero up to some definite time; and when this is translated into the frequency 
dependence of the amplitude, one can immediately write down a dispersion 
relation for the real part of the scattering amplitude in terms of an integral 
over the total cross section (imaginary part). For light, this process leads 
directly to the dispersion relation of Kronig (369) and Kramers (370). That 
causality might imply a similar type of dispersion relation in quantum field 
theory was shown by Karplus & Rudermann (371) and by Goldberger 
(372, 373); a rigorous proof was given by Bogoliubov (374) and Symanzik 
(375). Since these proofs use all the postulates of field theory, it is not foolish 
to hope that a theory stated in terms of dispersion relations may prove suf- 
ficiently restrictive to make unique predictions. 

Although the one-dimensional dispersion relations offer powerful re- 
strictions on scattering amplitudes and their use led to much interesting 
work, it soon became clear that by themselves they could not provide a 
complete theory of the strong interactions. These dispersion relations fo- 
cused attention, however, on the enormous amount of physical information 
which could be extracted from the realization that scattering amplitudes are 
analytic functions of the energy with singularities whose presence and posi- 
tion could be determined from a knowledge of the mass spectrum and quan- 
tum numbers of the strongly interacting particles. Since the function is com- 
pletely determined, if the positions and strengths of the singularities of an 
analytic function are known, the problem becomes how to compute these. 
Further, since the behavior of an analytic function in the neighborhood of a 
singularity is likely to be dominated by that singularity, this approach also 
suggests a natural approximation scheme which starts with the nearest 
singularities to the region of interest and progressively refines the calculation 
by including more distant singularities in a systematic way. 

B. The Mandelstam representation—The most important step in this 
program was taken by Mandelstam (24, 25) who considered the analytic 
properties of two-particle scattering amplitudes. Such amplitudes are func- 
tions of only two relativistic invariants, the invariant energy and the invari- 
ant momentum transfer. The nearest singularities to the low-energy physical 
region are poles arising from single-particle states with the appropriate 
quantum numbers, and the next nearest singularities are again due to two- 
particle scattering states. The crucial step taken by Mandelstam was to 
note that the discontinuities across these two-particle singularities, the 
imaginary part of the two-particle scattering amplitude, are given by the uni- 
tarity condition in terms of the two-particle amplitudes. Therefore, at this 
level of approximation, the analyticity requirements give us integral equa- 
tions for the scattering amplitudes which can be treated as dynamical equa- 
tions defining them. 

To bring out clearly the general features of the Mandelstam approach, we 
shall discuss in detail a simplified model, already used in much the same way 
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by Cini & Fubini (376). This useful paper is recommended to the reader for 
a more systematic treatment than we have space for here. We consider a 
spinless particle of mass m (which we will call M) which can make a (real 
or virtual) transition to a particle of mass r (called R) and a particle of mass 
v (called V) with probability G. We consider first a particular Feynman dia- 
gram related to the scattering amplitude (MM| MM) and show how this dia- 
gram can be written in terms of a double spectral representation by using 
the unitarity condition. Then by appropriate specification of the particles 
we can use this general result to discuss nucleon-nucleon scattering. The dia- 
gram of interest is given in Figure 9. Here the four-momenta P= (po, p) are 
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defined to satisfy P? = p.?— p*, and we use the Feynman rule that a particle 
can be changed to an antiparticle by reversing the sign of P. Over-all energy- 
momentum conservation gives Pi+P2+P;+P,4=0. This single diagram 
then describes three scattering amplitudes: 


MM (particle-particle) scattering T; = (M(P:)M(P2) | M(—P;)M(—P,)) 
MM (particle-antiparticle) scattering Tu: = (M(P:)M(P;) | M(—P:)M(—P.)) 
MM (particle-antiparticle) scattering Tin = (M(P;)M(P2) | M(—P.)M(—P,)) 
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The invariant energy variables in the three channels are defined to be 
I: s = (Pi + P2)* = (—P; — P,)? 
II: ¢ = (P; + P;)? = (—P: — P,)? 
III: ¢ = (P2 + P3)? = (—P, — P;)? 


These are not all independent because over-all energy-momentum conserva- 
tion gives s+t+é=4m’. 

Consider, in particular, MM scattering in the center-of-mass system: 

Pi = (po, f'), P2=(bo,—-f’), Ps=(—po, f"), Pa =(—do, —f”) 
with 
pr =p? +m’, fp’ -p” = p* cosé 

Then s=4(p?+m?), t=—2p?(1— cos 6), t= —2p*(1+cos 0). Hence, 71(s, t, 
i) =(MM| MM) describes particle-particle scattering for s >4m? and ¢ and ¢ 
lying between 0 and —4*. For Ty: (or Ty) we find that ¢(é) must be greater 
than 4m? while s and i(#) must lie between 0 and —4 92. Since all three proc- 
esses are described by the same Feynman diagram, we can say that one func- 
tion T(s, t, 2) describes them all for appropriate (disjoint) ranges of the vari- 
ables. This apparently trivial fact about Feynman diagrams, which clearly 
holds to all orders in perturbation theory, is called the general substitution 
rule. If we boldly assert that it is also true for physical scattering amplitudes, 
it still seems inconsequential because the range of variables is disjoint. How- 
ever, if T is an analytic function of the variables s, t, 4, and we know the 
location of the singularities, we can extend the function from one physical 
region to the other and establish a coupling between different processes. We 
will now show how (for this special case) the unitarity condition allows us to 
make this extension. 

Consider first the process in channel II, and assume for the moment that 
the only intermediate state is that indicated in the diagram, ic. MM 
annihilation into two V particles. We define the kinematical variables 


P= (Ep, Pp’), P;= (Ep, —p’), P= (—E,, p”), y= (—E,, —p") 
Q = (w,, 9), Pit Ps —Q = (wy —q) 
Ef = P? +m =a/7% = g+0 = tt; s= — (6 +p")! 
The unitarity condition is then simply 


I(t, s) = Im (MM(p’)| MM(p")) 


—{ = _ 
= sa J PE, — 0) ME @)| VV’ - O)*VOVE” + Y| MUO) 


In this same approximation, the amplitude for MM to VV annihilation is 
simply 


G? - G? 
(Pi—Q)? 1° + p? + Q? — 2p'-q 





(MM(p’.)| V(q)V(p’ — )) = a 
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Hence 
d*q5(Ey — wg) 


m9 <= a J (7? + p? + g? — 2p’-q’) (x? + p? + g? + 2p”-q) 





Since the process exists only if ¢ exceeds 4v?, we can write down the spectral 
representation: 





1° IC, ae 
Tu(t, s) = —{ iL al 
T 4v3 t —t 





[The operator fat'/(t'—1) is as usual interpreted to mean Pfdt'/(t’—t) 
+i76(t’—t).] To find the dependence on s, we must now carry out the 
integration on q. 

If we combine denominators by the usual Feynman trick, and carry out 
the integration over the magnitude of g, we obtain 


Gwg 1 dQ% 
I(t, s) = = awd. dx D? 


with 





D=r+p?+q —2[p'x — p’"(1 — x)]-¢ 
Taking as our axis of integration A(x) =p’x—p’’(1—x) and noting that 
A? = p*[x? + (1 — x)*] — 2x(1 — x)p’-p” = p? + x(1 — x)s 
the angular integration gives 
q 1 éd& 
l6rVido F(x) 





I(tt,s)=- 





with 
F(x) = (r? + p? + q?)? — 4p%g? — 4g?sx(1 — x) 
= a — 4g*sx(1 — x) = 4(r? + v? + m?)? + (¢ — 402) 4r? — (¢ — 40%)sx(1 — x) 


The integration is elementary and yields 


f a 1 a 2qv/s(a — g?s) 
0 F(x) 2gV/s(a — g?s) a — 29s 


= [+ tan“! t= it. =a | 
2qgVs(a — g’s)L 2 2qv/s(a — gs) 


We note that the first form is real and finite whether the square root is real 
or imaginary, but that the second develops an imaginary part when the 
square root is imaginary. To see which form to take, we look at F(x). Since 
t >4v? in the integral where we use J, a is positive definite. We conclude that 
F(x) never vanishes when s=0, and hence that there is no singularity at this 
root of s(a—g*s) =0. Therefore we can write a spectral representation for 
I(t, s) as a function of s with a branch cut for s greater than a/g*. We deter- 
mine the sign of the weight function by evaluating the integral for s less 
than a/g*, and find by elementary integration that 
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f 1 dx 7 in ds’ 
0 @— 4g’sx(1 — x) ia alg? (8’ — 5)x/4q?s’(g?s’ — a) 


Therefore we can write that 


__ Bt) t’) 
Tu(t, s) = < fas ‘fia (’ —s)\ —d 


B(s’, !) = — G*/16V/i'([4g"s’ — a(¢’)|s’)"2 


with 


for 
(t! — 4v®)(s’ — 4r?) > 4(r? + 0? — m?)? 


and B(s’, t’) =0 otherwise. 

Let us think a little about this result. If we had started out to calculate 
Ti(s, t) instead of Ty, we would have had to apply the unitarity condition 
for the process (fM| RR) instead of for (MM| VV). Hence we would have 
started with the spectral representation 


1 f°. Im(MM| RR)ds’ 
1004. [os | RR)ds 
TT 4r2 





s’-—s 


By applying the unitarity condition in an analogous way, it is clear that 
(since this is just the same problem with the roles of r and », s and ¢ reversed) 
we would end up with the same result. This suggests the rule [which has 
now been proved to all orders in perturbation theory for the processes con- 
sidered in this article (26)] that the two-particle elastic scattering amplitude 
satisfies a double spectral representation (the Mandelstam representation) 
in the energy invariants for the three channels given above, with branch 
cuts starting at the lowest mass value consistent with the quantum numbers 
in that channel. If we assume that the lowest state of MM is RR, and the 
the lowest state of MM is VV, this rule tells us that T(s, t, #) satisfies the 


representation 
Ag(s’, _ Auls', #) 
Ts, f ’ si Ta Sout (s’ —= (’ — s)\’ —d - t) 
+f @ fa _ Aalst) t) 
(2r)? ay? (s'— (’ —s\# —D —?) 


Aii(s’, _ Aalst) 
ts 1? Syd fe ¢-)0 -D — )(# —2) 


How is this general result related to the calculation we have just made? 
We see that we have calculated the first term and found that the lower limits 
are reached only as both s’ and ¢’ approach infinity; A,; is actually nonzero 
only inside the bounding curve given above. Since this curve depends only 
on kinematics, our result is generally valid (for the equal mass case). We 
can easily obtain the second term in the representation by noting that if we 
had considered / the energy variable and s the momentum transfer, the result 
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would be the same with t- (i.e., A,;=A,i in this case). To obtain the third 
term, we may consider ¢ to be the energy variable as before but take the 
momentum transfer to be #= —(p’—p’’)?, which is equivalent to computing 
the diagram in Figure 9b. For this case we see that the calculation goes 
through as before, but that the lower limit on the dt’ integration is (27)? 
rather than (2v)*. Hence if r? <v?, the Mandelstam representation as given is 
not valid; this is called an ‘‘anomalous threshold.’’ However, as has been 
proved rigorously by Mandelstam (377), it is possible to start from the case 
r?>v? and, by making the appropriate analytic continuation in r*, obtain an 
unambiguous result for the contribution between r*? and v*. We note also 
that if m?>r? or v?, s=4r? or t=4v? lies below the physical threshold for the 
processes (MM| RR) or (MM| VV), so that the use we have made of the uni- 
tarity condition requires justification in this region; again the same proof 
(377) suffices. To complete our discussion of Figure 9, we rewrite the con- 
tribution of this diagram in terms of the variables appropriate to MM scat- 
tering, i.e., p? and cos @. 
B[4(p” + m?), #'] 

(p”* — p*)[¢’ + 2p*(1 — cos @)] 
8 fap [ar Bue eae 

rJ 9 4 av? (p” — p*) [i + 2p7(1 + cos 6) | 

tre pe, Be, t) 
tase” J r [? + 2p°(1 + cos 6)][¢’ + 2p%(1 — cos 6)] 





1 oo «© 
Tum(?, cos 0) = = J dp’? f wv 
40 








We have already noted that this expression will be generally valid if we 
replace B by the three real weight functions A,;, A,?, and A,z. Suppose for the 
moment that we know the (mMmM| VV) amplitude and that this is the only 
important intermediate state in the process. Then, as we saw above, we can 
immediately write down a spectral representation for the dependence of this 
amplitude on ¢ and é simply by using the unitarity condition. Hence the ¢ 
and é dependence of the A’s is known. However, we also know that the 
(MM| MM) amplitude must satisfy a spectral representation in s, whose 
weight function is given by the unitarity condition in Channel I. Combining 
these two facts, we see that, if Im( MM | VV) is known, the Mandelstam 
representation gives us an integral equation for Ty. Hence, insofar as we 
can justify the fact that the behavior of the MM system is determined pri- 
marily by known processes in the crossed channels (II and III), the Mandel- 
stam representation does provide us with a dynamical theory for Ty. We 
will show this in more detail a little later. If, however, as in the complete 
theory, we have to determine the amplitudes in all three channels simul- 
taneously, we clearly must solve coupled integral equations subject to a 
complicated self-consistency requirement. Such an ambitious program 
(which amounts to the self-consistent determination of the A’s) is now being 
attempted, but the results discussed below all depend on cruder approxima- 
tions, 
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Although the calculations reported below do not make full use even of 
the double spectral representation, we note that the location of singularities 
in an arbitrarily complicated Feynman graph has been given by Landau 
(378), and the strength of the singularity by Cutkosky (379, 380). The 
singularities under discussion occur when the Feynman denominators 
A;=m?—q?# vanish subject to the constraint }-x;q:=0; x; are the usual 
Feynman parameters and the sums are taken around each closed loop in the 
graph. If the condition A;=0 holds for m lines i<m in a Feynman graph F 
with N denominators, the imaginary part of F due to this singularity is 
given by 

[1m Fla = — (2ni)™ f ¢ LOPE = rt) «~~ Gat — oul 
2 Anyw*** Ay 





where P(R) is a polynomial coming from the vertices and 6, means that only 
the proper square root is to be taken in the delta-function. The interested 
reader can easily verify directly that this prescription leads to the result we 
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computed above from unitarity for the box diagram; in fact, it is just a 
generalization of the unitarity condition for arbitrary groupings of particles. 
Hence, insofar as one believes that analytic properties proved valid to all 
orders in perturbation theory are to be believed, one can in principle go as 
far as necessary toward including inelastic amplitudes within the same 
framework. 

C. The connection between nucleon-nucleon, nucleon-pion, and pion-pion 
scattering —Let us now consider the singularities encountered in the nucleon- 
nucleon scattering amplitude, still ignoring complications caused by spin. 
Before we reach the singularities corresponding to the diagram discussed in 
Section B, we encounter single-particle intermediate states, which give poles 
rather than branch cuts. For neutron-proton scattering, these correspond 
to the diagrams in Figure 10. These give poles in s, t, and #, respectively, 
and (for spinless nucleons and scalar pions) are given by N?/(M2’-—s), 
—GopGon/(ue—t), and 2 GinGsp/(u2—2). Here we have explicitly not as- 
sumed charge independence in order to emphasize that in this approach we 
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always deal with physical masses and coupling constants, and never need 
mention ‘‘renormalization.”’ The constant N? in a nonrelativistic theory is 
just proportional to the asymptotic normalization of the bound state wave 
function (98). In the shape-independent approximation, which is accurate 
enough for most practical purposes, it can be written in terms of the trip- 
let scattering length *a and binding energy of the deuteron go?= ME, as 
N?=8(3a) go?/(aqgo—2)M. We will discuss below whether these two con- 
stants can be determined from the theory or must be introduced as addi- 
tional parameters. The proof that the one-pion pole is actually present in 
the nucleon-nucleon scattering amplitude with the physical coupling con- 
stant and pion mass was given in Chapter IV. 

The next nearest singularity is just the diagram we computed above 
(Fig. 9), if we take m= M=r and v=un. This is, of course, just the fourth- 
order perturbation theory result, with the important distinction that we are 
now justified in using the physical values for the pion and nucleon masses 
and coupling constants and are guaranteed that these ‘‘renormalization 
effects” will not have to be partially cancelled against terms coming from 
our next approximation. We also know that we will have to do better if we 
are to get any agreement with experiment. But what we should do is evi- 
dent, if we go back to the way the calculation was made. Clearly, the Born 
approximation for the (NN| wm) amplitude was used in the unitarity condi- 
tion, and we can improve the calculation by improving the amplitude we 
use to compute our weight function. Unfortunately, as we saw above, we 
need this amplitude for t>4 u?, while the physical threshold for nucleon- 
antinucleon annihilation is 4 M?; so we must rely on a theoretical calcula- 
tion in an unphysical region, not on experiment. 

Since we need the (NN| wm) amplitude in a highly unphysical region, 
we must obtain a spectral representation for it in order to make the required 
analytical continuation. But if we write a Mandelstam representation for 
this amplitude, we see that the crossed channels are simply pion-nucleon 
scattering, so we must solve this problem before attacking the nucleon- 
nucleon problem. The graphs which give the nearest singularities are indi- 
cated schematically in Figure 11. The first term is the famous pole in pion- 
nucleon scattering, which has been used to determine the pion-nucleon cou- 
pling constant. We have seen that this gives a fourth-order term in nucleon- 
nucleon scattering. As is well known, this pole term gives large isotopic- 
spin-independent S waves in pion-nucleon scattering which are not found 
experimentally, so must be mainly cancelled out if our calculation is to suc- 
ceed. We saw that if this term is used by itself in the unitarity condition for 
the (NN wm) amplitude, it leads to the box diagram computed in Section B. 
Since this diagram is known to give an experimentally unacceptable nucleon- 
nucleon interaction, it is comforting that if we normalize the (NN x7) 
amplitude to the pion-nucleon S waves, we automatically insure the neces- 
sary “‘pair suppression” in the nucleon-nucleon calculation. The next two 
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diagrams will give us the weight functions for the double spectral repre- 
sentation, namely 


Im (Nx| N'x’) = f (Na | N’x!)(N''”’ | N’x’)dr”” 
Im (NN | Tr) = f (NN | a’n')(n'x' | awm)dr’ 


Thus, as before, the Mandelstam representation will provide us with a non- 
linear integral equation for the pion-nucleon amplitude which involves a 
term coming from still another process, namely pion-pion scattering! 

Before discussing pion-pion scattering, we wish to make a point empha- 
sized by Cini & Fubini (376). Since the weight functions in the crossed chan- 
nels are imaginary parts of scattering amplitudes, which in terms of partial 
waves may be written } > ,e*!sin 6,(2/+1)P;(cos @)/g, the important contri- 
bution at low energy comes only from those partial waves which are large. 
In particular, if a sharp resonance in one partial wave dominates the be- 
havior, we can approximate this by a quasi-particle whose mass is equal 
to the total energy of the resonating system at the resonance. If only this 
term is kept for the 3-3 resonance in pion-nucleon scattering, one obtains 
the Chew-Low effective-range approximation. Taking this back into the 
nucleon-nucleon scattering calculation, we get an additional term like Figure 
9 with the mass r= M+wyes. If this were an S-wave resonance, we could 
improve this ‘‘rescattering correction” by putting in this “particle” with a 
weight A sin?6(r)/[r?—u+ MJ}, and the calculation would still go through 
with B replaced by 





B al” anf” aw (s, #) sin? 5(r;) sin? 5(r2) 
aiid ase J aw [rn — GM!) [re? — M4] 


Here B;,r, is Figure 9 evaluated with unequal masses in the R lines. The 
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result is the same except that +/s(aqg?—s) has a more complicated argument 
(376). 

We can now summarize what is needed to compute the nucleon-nucleon 
interaction due to one- and two-pion exchange using the Mandelstam tech- 
nique. First, we must solve the pion-pion scattering problem (see below). 
Then we can use this amplitude to obtain a nonlinear equation for pion- 
nucleon scattering, which will contain a term in the weight function depend- 
ing explicitly on the large pion-pion phase shifts. If this has been solved, we 
can then get the (NN| mm) amplitude in the region needed to compute the 
weight functions for nucleon-nucleon scattering. These will differ from the 
fourth-order perturbation theory because of terms coming from the large 
pion-pion and pion-nucleon phase shifts. We will show that it is then pos- 
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sible to solve the nonlinear equation for the nucleon-nucleon partial waves. 
We also note that prior to a successful calculation of the pion-pion and pion- 
nucleon problems, it is still possible to introduce the observed resonances in 
a phenomenological way and make a useful preliminary calculation. As a 
knowledge of pion-pion and pion-nucleon scattering is required before we 
can compute nucleon-nucleon scattering, we now discuss the current status 
of these two problems. 

D. Pion-pion and pion-nucleon scattering —Because there are no pion 
vertices with an odd number of lines, there are no pole terms in the pion-pion 
amplitude. The first singularities are indicated in Figure 12. We see immedi- 
ately that if we keep only the first two terms, the weight functions involve 
Im (war| w!’) = fdr" (ea| e!'4 " (x 9 "i nm’), and we have from the 
Mandelstam representation an equation that involves only the pion-pion 
scattering amplitude. The next two diagrams contribute to the double 
spectral functions and can be obtained from our earlier result by putting 
m==v, r=2p. Hence they are nonzero only for (t—4y?)(s—16p?) > 164, 
and in the low-energy region ¢, s<16y? will depend strongly on only one of 
the two variables. Recalling that in Channel I, p?=4s—p?, 2p? cos @=t+2p?, 
we see that neglecting the dependence on ¢ is equivalent to assuming that 
only S waves are large (i.e., give an appreciable imaginary part to the ampli- 
tude). Because of the symmetry of the problem, this will also be true in the 
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crossed channels, and the first approximation reduces to an equation in one 
variable [this is the essence of the Cini-Fubini (376) approach], which takes 
on a particularly simple form for chargeless pions. Having obtained the weight 
function by solving the S-wave problem, the Mandelstam representation 
then gives an explicit formula for all the other partial waves; consistency is 
checked by showing that they are in fact small. 

For pseudoscalar, charge-independent pions, the pion-pion system has 
states of isotopic spin 0, 1, and 2. Because of Bose statistics, the J=1 state 
has only odd angular momenta, while the other two have only even angular 
momenta. Hence, the low-energy approximation just discussed leads to 
coupled equations for the J=0, 2 S-wave states. This system of equations, 
including the coupling to the J=1 P wave, was derived by Chew & Mandel- 
stam (381). The pion-pion coupling constant was introduced by assigning 
a value to the scattering amplitude at one point, and the system was shown 
to possess consistent solution in which the P wave was small (382). 

Unfortunately for the simplicity of the theory, there is evidence, which 
came first from the electromagnetic structure of the proton and neutron, 
that there is an J=1 P-state resonance in the pion-pion system. That this 
system gives the nearest singularity in the electromagnetic structure prob- 
lem can be seen from Figure 13. The first term in Figure 13a shows us that 
we need to know the (NN|am) amplitude and the pion vertex (xx|¥), 
while Figure 13b shows that the pion vertex can be computed in first ap- 
proximation from the (x7| aw’x’) amplitude. By assuming an J=1, P-state, 
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pion-pion resonance, Frazer & Fulco (383, 384) succeeded in giving the first 
successful description of the isotopic vector part of the electromagnetic 
structure. The pion vertex itself has been discussed by How-Sen Wong 
(385) and Gourdin & Martin (386). 

The difficulty in obtaining a P-state resonance from the Chew-Mandel- 
stam equations is that the amplitude now depends strongly on / as well as on 
s. Since the variables change roles in the crossed channels, the integrals be- 
come divergent and a cutoff must be introduced. P-wave resonant solutions 
are possible (387), but since one now has two arbitrary parameters, this is 
not a great deal better than introducing a phenomenological resonance with 
adjustable position and width. By considering the inverse amplitude, Mof- 
fat (388) also obtained a two-parameter resonance. Chew & Frautschi (389) 
are now attempting to eliminate this arbitrariness by considering simul- 
taneously the low momentum transfer inelastic processes at high energy 
and by explicitly constructing a self-consistent set of double spectral func- 
tions. 

When Frautschi & Walecka (390, 391) attempted to calculate pion- 
nucleon scattering using the Frazer-Fulco parameters for the pion-pion 
resonance, they were unable to obtain agreement with experiment. A slightly 
less ambitious calculation by Bowcock, Cottingham & Lurie (392, 393), in 
which the pion-pion parameters were used to explain only the radius of the 
nucleon anomalous magnetic moment but not its magnitude, did succeed in 
fitting those parts of the pion-nucleon problem which were not used for the 
determination of the constants in the model. They required a higher energy 
for the pion-pion resonance than that used by Frazer & Fulco. Lacking a 
complete theory of pion-pion and pion-nucleon scattering, it is still possible 
to compute an empirical (NN| mm) amplitude normalized to both pion- 
nucleon scattering and nucleon electromagnetic structure. This has been 
done by Ball & Wong (394), following a method suggested by Chew, and 
they find that one of the Frazer-Fulco parameters is incompatible with 
pion-nucleon scattering. Their result should provide a quantitatively reli- 
able method for introducing ‘‘pair suppression”’ into the nucleon-nucleon 
problem as discussed in Section C. Further experiments on the electron scat- 
tering and reanalysis in terms of pion-pion parameters (395) favor the higher 
resonance used by Bowcock, Cottingham & Lurie (392). These new pa- 
rameters would also bring the Frautschi-Walecka (391) calculation into 
agreement with pion-nucleon scattering (396). Furthermore, analysis of pion 
production by pions in a hydrogen bubble chamber now seems to indicate a 
resonance at the energy required by the theoretical calculations (397). We 
conclude that the basic amplitudes needed to compute the two-pion- 
exchange part of the nucleon-nucleon interaction are now reasonably well 
known. Unfortunately, the latter calculation has not been reduced to numer- 
ical form as we go to press, so the specific papers on nucleon-nucleon scat- 
tering discussed in the next section refer to more limited aspects of the 
problem. 
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2. APPLICATIONS OF DISPERSION-RELATION TECHNIQUES 
TO NUCLEON-NUCLEON SCATTERING 


Up to now we have ignored complications caused by nucleon spin. As we 
mentioned in Chapter II, the covariant (charge-independent) nucleon- 
nucleon scattering matrix is described by five independent functions of the 
invariant energy and momentum transfer for each isotopic spin state, but 
the choice of which set of five functions to use is somewhat arbitrary. At 
first sight, we can simply extend the above analysis by assuming that the 
Mandelstam representation holds separately for each of the ten independent 
functions. But if we then re-express the amplitude in terms of some other 
set, the coefficients of the transformation will in general involve factors of 
E=(p?+ M?)"? and A=|2p%(1—cos 6)|"?, which could introduce singulari- 
ties at values of s, ¢, and / other than those indicated by the Mandelstam 
representation. The correct choice of invariant amplitudes is therefore a 
matter of considerable practical importance. Fortunately a reasonable 
choice has been found and, to a considerable extent, justified (cf. Sect. 2-D). 

A. Dispersion relations in energy.—The first attempt to face the full com- 
plexity of the covariant problem was that of Goldberger, Nambu & Oehme 
(23). They picked a set of ten amplitudes chosen for convenience in express- 
ing crossing symmetry and arrived at a plausible (though not rigorously 
proved) set of dispersion relations in energy. These relations exhibited many 
of the features we have already discussed in terms of the Mandelstam repre- 
sentation. They obtained the deuteron pole (but explicitly exhibited the 
3S,—5D, coupled state and its different contribution to each of the five J=0 
amplitudes), the one-pion poles for pseudoscalar pions, the singularity from 
nucleon-nucleon scattering including the inelastic part above pion production 
threshold, and the singularity for nf}-2m, 3a, +--+ , 134. Lacking the Man- 
delstam representation, they did not have an explicit method for computing 
the neutron-antiproton (m-f) amplitude. However, they noted that their 
dispersion relation could be compared directly to that given by Khuri 
(398) for nonrelativistic potential scattering, and by analogy argued that 
the one-pion term and the n-f cut correspond to the Fourier transform of 
the potential. Because of the one-pion pole in A?, they felt this treatment 
was adequate only for A? <y? which implies that their potential has about 
the same range of validity as an effective-range treatment. We will see below 
that this range can be considerably extended. Attempts to compare their 
dispersion relations directly with experiment (399, 400) have been ham- 
pered by the lack of adequate phase-shift analyses at low energy. This one- 
dimensional dispersion-relation approach has been discussed by several 
authors (401 to 405). 

An important application of the Goldberger-Nambu-Oehme (GNO) dis- 
persion relations has recently been made by Riazuddin (338). Because of 
the Clementel-Villi ambiguity discussed in Part I, proton-proton differential 
cross sections below 40 Mev admit a fourfold continuum of phase-shift solu- 
tions. Riazuddin noted that two of these are ruled out by the positive polari- 
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zation measured at low energy (406), and he formed combinations of the 
GNO amplitudes which are of opposite sign for the other two. Using the 
analysis of MacGregor (342), he was able to show that the GNO dispersion 
relations can be satisfied by only one of these two choices. Since this choice 
depends only on the sign of certain integrals, which sign is unambiguously 
determined and is insensitive to the proton-antiproton contribution, the 
result is rigorous. Fortunately the analysis singled out the unique set pre- 
dicted by meson theory and, therefore, provided a rigorous justification for 
previous work on the *P states discussed in Chapter IV. He showed that the 
GNO relations also limit the D wave to such small values that phase-shift 
solutions such as those of Hull & Shapiro (407) which predicted large polari- 
zations at low energy are also excluded. The experimental fact that the 
polarization is small and positive at 3.3 Mev (408) thus provides another 
confirmation of the meson theory of nuclear forces. This result also has the 
important practical consequence that the equivalent P-wave approximation 
can be used below 4 Mev, which greatly simplifies the analysis of proton- 
proton scattering experiments in this region. 

The first specific application of the Mandelstam representation to 
nucleon-nucleon scattering was made by Cini, Fubini & Stanghellini (409). 
They noted that this representation gives directly a one-dimensional dis- 
persion relation in energy if the scattering angle is held constant. For the 
singlet amplitude at 90°, one could therefore use experimental values of the 
90° cross section to perform the integral, and extrapolate in energy to the 
pole term 





pM + pM ] 
2g?(1 — cos6) — uw? =—-2g(1 + cos 6) — 4? cosmo 


to obtain the pion-nucleon coupling constant, This is clearly analogous to 
the similar use of an extrapolation in angle from a differential cross section 
at fixed energy (319). Unfortunately the experimental determination of the 
90° singlet cross section requires either a phase-shift analysis or a spin cor- 
relation experiment, neither of which is available at the needed energies. 
Their calculation is therefore better regarded as a prediction of the 90° cross 
section. Similar applications of fixed-angle dispersion relations have been 
made by Alles & Tomasini (410, 411). 

B. Construction of the ‘‘potential.’’—The problem of how to construct a 
potential V(¢) which when used in the nonrelativistic Schroedinger equa- 
tion will reproduce the field-theoretic transition amplitude T(q?, ¢) has been 
discussed in a series of papers by Charap & Fubini (15, 412), and Charap & 
Tausner (413). They pointed out that the definition of a “‘potential”’ func- 
tion which is a function of both g? and ¢ offers no simplification over using the 
T matrix directly. If the range over which a function of ¢, only, works is 
@?=}t—p? <2, this is equivalent to an effective-range treatment. The prob- 
lem is, therefore, to establish the existence of such a representation over the 
wider range g? <qin? = Mu+jy?~7y?, the threshold for meson production. 
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Imamura (414), who earlier discussed this problem from a somewhat similar 
point of view, did not succeed in establishing this larger range of validity. 

The first paper of Charap & Fubini (15) considered the simple case of 
scalar nucleons interacting through a neutral scalar field, which has the ad- 
vantage that there is no exchange scattering. It is then straightforward to 
show from the Mandelstam representation that if we drop terms of order 
@’/qn?, the field-theoretic amplitude is given to this order by the dispersion 
relation 


2 °© Im T - 
T(¢,!) = Tol) + = J Aghios 


We have here subtracted the value of the amplitude at g?=0, which we call 
To(t), to insure convergence of the integral. Let the initial and final relative 
momenta be Rk; and ky, i.e. =k =k, t= —(R2—k:)*, and introduce the 
notation (Re| T| k,) =T(q@, t). Then, again dropping terms of order g?/qu,, 
the imaginary part of T can be computed from the elastic unitarity condition 


(T) 


M k? 
i(hs| T+ — T| hi) + 2 f area] T+] R) = 0 = - <5) | Tk) =0 


Further, the subtraction term is — by the dispersion relation 
° F(e*)do* 
(2 = o*(o* — t) 


The constant 79(0) is just the S-wave scattering length, while the weight 
function F(¢?) is just the contribution from one-, two-, . . . meson exchange 
we have already discussed. Therefore, if we have succeeded in computing 
this weight function from pion-pion and pion-nucleon scattering, the field- 
theoretic amplitude to order g?/q? is obtained by solving the coupled equa- 
tions (JT) and (J). Charap & Fubini exhibited an explicit method for doing 
this. The key to the construction of the potential is to note that for any 
potential V(#) which is representable by a superposition of Yukawa poten- 
tials, the nonrelativistic amplitude N(q’, t) =(R: N| ki) has identical ana- 
lyticity properties to T(g’, t) in the g*/gu,?-0 limit [i.e. satisfies the same 
Mandelstam representation (27)]. Therefore, if we make the identification 
N(0, t) = To(t), N satisfies equations (T) and (J), and hence is identical with 
limg?/o:4,?.0 7 (g’, t). Consequently, the corresponding potential is then given 
explicitly by the Khuri (398) dispersion relation 


1 I 2 : - . 
vo=v@)-—f = nie ag" = TA) - — f rim Ta",0 
Te 


The authors then wainade: to carry through this program to order g‘ for 
scalar particles and exhibited explicitly the cancellation of the g* dependence 
between the fourth-order two-pion ladder diagram and the iteration of the 
Yukawa potential which is required by their general result. The proof no- 
where made use of the static limit (u/M)-0; in fact, Charap & Fubini’s 
explicit potential is not defined in a mathematical sense in this limit. That 


To(t) = To(0) + 
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this limit is always ambiguous has recently been shown by Goldberger & 
Oehme (415). See also the work of Gupta (126). We find this a convincing 
argument for abandoning the static (i.e. 4/0) approach to the potential 
problem. 

At first sight, the method cannot be extended to exchange forces, because 
these give a branch cut in the energy variable in addition to the cut in ¢, and 
this extends down to (2u)?, whereas for neutral mesons this cut stopped at 
(2M)?. This is a reflection of the fact that if one attempts to express an ex- 
change potential in the Schroedinger equation by a Taylor expansion, the 
derivatives represent a violent velocity dependence. However, one can use 
the isotopic spin formalism to describe this situation by two local velocity- 
independent potentials (ordinary plus exchange). The same method works 
in field theory, as is shown by Charap & Fubini (412), and one again has a 
range of validity g? <q. The treatment of the case of physical interest (413), 
i.e., spin-} nucleons and pseudoscalar pions, is much less satisfactory be- 
cause the proof of equivalence is carried through only to fourth order in 
perturbation theory and not in general. The difficulty arises because no one 
has yet established the validity of the Mandelstam representation for (L..S) 
and (L.S)? potentials. Presumably this could be done with an appropriate 
choice of the ten basic amplitudes, and if so, the method already discussed 
would work. In any case, we feel that this work has been pushed far enough 
to show that the construction of a ‘“‘potential’’ can be carried out, but only 
if one has first obtained the complete solution of the covariant problem at 
zero energy. The potential therefore becomes an auxiliary quantity rather 
than the prime object of study. Whether the potential defined by this method 
is the appropriate one to use in low-energy nuclear physics is an interesting 
question which will take further research to clarify. 

C. Partial-wave dispersion relations Another way of obtaining a one- 
dimensional problem from the Mandelstam representation is to project out 
individual partial-wave amplitudes by applying the operator 


2 : 2 °o dt t 
d 0)P s) = ——— —FP (1 -=— 
+) 8 (cos 6)P;(cos 8) Th I 2g 


The one-pion-exchange pole then gives a term of the form 


= [ Ars log (1 + *) + Bra) | 








where A and B are polynomials which depend on the particular J, L state 
we are considering. We see that the partial-wave amplitude as a function of 
g? will have a branch cut starting at g?= —3y? with discontinuity (twice the 
imaginary part) Az,7(q*)f? Mm/4q?. Referring to the Mandelstam representa- 
tion (Sect. 1-B), we see that the double spectral function will contribute a 
cut starting at g?= —3(2y)? representing the interaction caused by two-pion 
exchange. There is an additional contribution from three-pion exchange 
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starting at g?= —}(3u)? and so on. Clearly, more and more negative values of 
g correspond to the exchange of more and more massive systems, so that the 
Taketani separation into classical, dynamic, and phenomenological regions 
can be directly translated into a statement about the distance of the cor- 
responding singularities from the physical region g?>0 (416, 417). If we 
represent the partial-wave amplitude hz, for uncoupled states in the usual 
way by 
e®L sin 5, 1 

Ve ‘i q cot 8, — iv/q? 
we see that there is also a branch cut starting at g?=0. This is, of course, just 
the branch cut for nucleon-nucleon scattering starting at s=(2M)*. The 
advantage of making the partial-wave projection is that the unitarity con- 
dition for this cut is expressed simply by requiring 6, to be real for g* real 
and positive. Since time-reversal invariance requires h*(g**) =h(g*), we see 
this is equivalent to requiring Im[h(g’)} 1 = —(g*)"? on this cut. 

These unitarity and analyticity requirements allow us to derive a dy- 
namical equation for the phase shift, as we now show. Assume that we have 
computed the discontinuity due to one- and two-pion exchange from pion- 
nucleon and pion-pion scattering and have made some phenomenological 
assumption about the shorter-range parts of the interaction. This is equiva- 
lent to assuming that Imh(q*) =f?Mp(q*)w/4q? for g?<—3 with p a known 
function (from here on we take u?=1 for convenience). Since we know the 
imaginary part of the inverse function for g?>0, we follow Mandelstam’s 
suggestion (381) and write h(g*) = N(q*)/D(q*). Let N(g*) have only the cut 
for negative g? and D have only the cut for positive g’, i.e. 

f?Mp(q")x — 
ImN(q’) = _—— Dq’), F < — 3; ImDQ’) = — VP NG@), > 0 
Then we can immediately write down a dispersion relation for N in terms 
of D and D in terms of N; making use of our taking a ratio to set D(0) =1, 
substituting one equation into the other, and making the indicated change 
of variable, we obtain the remarkably simple result 


1 1 dyR(y)E(y) ( 1 ) 
———- oa —— : R = —_— = 
D(-;)=2@) -1+4¢u f SE; Ro) => 
If we solve this integral equation to obtain E(x), the phase shift is then given 
simply by 








hi(q’) = 


1 4/x,; R 
1+ 29M f era 


1 E(z)R() 
pu f 1+ T+ 4g” 


[The relativistic generalization is easy, but obscures the simplicity of the 
result; cf. (416).] We wish to emphasize that if we had simply considered the 


dx 
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inverse amplitude, we could obtain spurious poles from zeros in h; the N/D 
method, however, has been shown by Chew & Froissart to give essentially 
unique results, even when there are bound states (418). Thus the theoretical 
problem lies entirely in the computation of the interaction function R(y). 
Further, since even in the phenomenological region (0<y<1/9), we can 
make numerical estimates of the value of R(y) from production cross sections, 
we can test the sensitivity of the calculation to phenomenological assump- 
tions. This approach also can be used toimprove the accuracy of the determi- 
nation of nucleon-nucleon phase shifts from scattering experiments by allow- 
ing experiments at different energies to be analyzed simultaneously (416). 

The first application of the partial-wave nucleon-nucleon dispersion rela- 
tions was made by Wong (419). He described the *S,—*D, coupled state by 
using the one-pion-exchange cut and a phenomenological pole to represent 
the bound state. The position and residue of this pole in the *S; state are 
fixed by the binding energy of the deuteron and the triplet scattering length, 
but the residue of the pole in the coupling amplitude can be determined from 
the requirement that the (Stapp) coupling parameter é, vanish like ¢g* as 
g—0. This predicts an S-D asymptotic ratio of 0.029 in the deuteron, in good 
agreement with the range 0.027-0.032 obtained from phenomenological 
models which fit the low-energy parameters. The result therefore gives 
another quantitative verification of the presence of the one-pion-exchange 
interaction in the outer part of the deuteron. 

Noyes & Wong (48) made a similar calculation of the 4S» phase, using 
the effective-range and scattering length as phenomenological parameters 
describing the effect of multipion exchange. Since for T),4p = 10 Mev, g?= +}, 
and as we saw above the one-pion cut starts at g?= —}, the usual effective- 
range expansion has a radius of convergence of 10 Mev. In this calculation, 
the one-pion cut is exactly included, so the radius of convergence is extended 
to 40 Mev. That the one-pion-exchange interaction is so weak in this state 
compared to shorter-range forces makes it dubious whether the calculation 
using only two phenomenological parameters can actually be trusted to so 
high an energy. The calculation of Cini, Fubini & Stanghellini (409), con- 
sidered as a prediction of the 4So phase, is equivalent to replacing the one- 
pion cut by a single pole. It is an excellent numerical approximation to the 
solution of the integral equation given by Noyes & Wong over the range of 
interest. Both predictions give a deviation from the shape-independent ap- 
proximation of opposite sign to that predicted by conventional hard-core 
models such as that of Gammel & Thaler. However, it is possible to construct 
hard-core models which fit all the relevant quantities and still have the same 
behavior as the dispersion-relation prediction (420, 421), so measurement of 
the 4So phase at low energy will not necessarily discriminate between the 
two types of model. This is made even clearer by Martin (422), who showed 
that, given the discontinuity R(y) in an S-wave amplitude, the weight 
function for the superposition of exponential (or Yukawa) potentials which 
reproduce the same phase shift can be explicitly constructed. 

















NUCLEON-NUCLEON SCATTERING THEORIES 163 


To make a comparison between dispersion-theoretic predictions of the 
proton-proton 1S» phase and experiment possible, it is necessary to include 
the long-range electrostatic effect in the calculation. Wong & Noyes (61) 
pointed out that at low energy and large distance, the proton-proton wave 
function can be expected to approach the nonrelativistic wave function 
given by the Schroedinger equation for a Coulomb potential plus a nuclear 
potential with the one-pion-exchange Yukawa tail. They showed that the 
amplitude 


2xn e Me? 


7 exp(2xn) — 1 ; lyn 2% 





e® sin5/C%g;  C? 


is free of singularities for —}<g?<0, and that the cut in this function for 
—1<g*<-—1} is the same as that in the absence of the electrostatic interac- 
tion, except for a factor which goes to unity as e>—0. By using the fact that 
the usual function (51, 312) 


C*q cot 6 + Me*[4y(in) + 4¥(—in) — Inn] 


is regular at g?=0, they were able to determine this quantity in terms of 
the solution of an integral equation which reduces to the equation given 
above for g cot 6 as e* 0. Beyond g?= —1 the electrostatic modification of 
the cut is less than ~3 per cent, and there will be additional electrodynamic 
modifications because of meson mass differences, etc., which they did not 
know how to compute and which are of the same order. The hypothesis of 
charge independence stated in this language is therefore that for g? <1; the 
same singularities should predict both neutron-proton and proton-proton 
scattering. Quantitatively, they found that if the entire interaction is 
represented by a single pole, the n-p and p-p scattering lengths (which differ 
by a factor of 3 experimentally) are reproduced to about 10 per cent. If the 
one-pion cuts, including the 7+ —2® mass difference, are treated exactly, and 
the coupling constants for this interaction are assumed to be the same for 
the n-p and p-p systems, the experimental scattering lengths can be repro- 
duced by a phenomenological multimeson-exchange term which is the same 
to within ~34 per cent, confirming the charge-independence hypothesis to 
the expected accuracy. Wong & Noyes also predicted a neutron-neutron 
scattering length of —29+3f, assuming exact charge symmetry. 

D. Calculations of the two-pion-exchange interaction—The Cini-Fubini 
(376) method has been applied to nucleon-nucleon scattering by Amati, 
Leader & Vitale (423, 424, 425). As noted above, one of the major problems 
in any realistic approach is the choice of the ten relativistic invariant ampli- 
tudes. They picked a set with simple symmetries under the // interchange 
and showed that if this set has only the Mandelstam singularities, then the 
set which has convenient symmetries for particle-antiparticle exchange also 
has only the Mandelstam singularities. Further, they showed explicitly that 
this set has only the Mandelstam singularities in fourth-order perturbation 
theory. The Cini-Fubini method was then applied and the connection to 
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pion-nucleon and pion-pion scattering explicitly exhibited. Formulae are 
given for the full two-pion-exchange contribution for L>2, and for the left 
cut in the partial-wave amplitudes for S and P states. Numerical calculations 
using the same parameters that proved successful in pion-nucleon scattering 
(392) are under way, and the results are eagerly awaited. 

Cziffra (426), using the choice of amplitudes discussed in the next para- 
graph, has computed the entire contribution from the fourth-order diagram 
to each of the ten invariant amplitudes. He also gave the partial-wave pro- 
jections of each of these, and the method by which the Frazer-Fulco ampli- 
tudes for (VV| rm) are to be introduced to take account of the normalization 
to pion-nucleon and pion-pion scattering. Hence his result can be used 
directly for those partial waves in which three-pion exchange is unimportant. 
Grashin & Kobsarev (427) have performed a similar calculation, but without 
including the necessary “‘pair suppression.” 

Goldberger, Grisaru, MacDowell & Wong (428) discussed the choice of 
invariant amplitudes from another point of view. They note that for any 
order of the perturbation theory expansion, the transition matrix differs from 
that of the scalar problem only by a polynomial of the momentum compo- 
nents. Since the Hall-Wightman theorem (429) states that the domain of 
analyticity of a function of the relativistic invariants is at least as broad as 
a function of their individual components, Goldberger et al. could then show 
that their choice of invariant functions (which is the same as in Amati et al.) 
has only the Mandelstam singularities. They gave explicit formulae for the 
nucleon-antinucleon as well as the nucleon-nucleon amplitudes and wrote 
down the absorptive part of the NN—2z amplitude in the notation of 
Frazer & Fulco. They discussed the partial-wave dispersion relations, in- 
cluding a matrix N/D method for coupled states and a variational method 
for approximating the integral equations. They found that the helicity ampli- 
tudes of Jacob & Wick (430) are more convenient to use for the partial-wave 
decomposition than the Stapp (83) amplitudes. 

Goldberger and associates also discussed the question we have ignored 
up to now of whether the masses and coupling constants completely deter- 
mine the theory or whether additional phenomenological parameters are 
needed. At first sight, subtractions, which would introduce two arbitrary con- 
stants, are needed to make the S-wave dispersion relations convergent. How- 
ever, there proves to be a relationship between the five amplitudes at 
g’ = — M? (i.e. E?=0). This relationship, together with the threshold condi- 
tion at g?=0, can be used, in principle, to determine these two constants. 
Therefore, if we were good enough mathematicians to give a complete solu- 
tion, no new constant would enter the theory. In particular, the solution for 
the *S,; denominator function should develop a zero at the binding energy 
of the deuteron, and the residue of that pole should be N?. In practice, we 
note that the value g?= — M? is well beyond the point where the approxima- 
tion of using only elastic scattering amplitudes is reliable, so the S-wave 
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scattering lengths will have to be taken from experiment for a long time to 
come. How many additional phenomenological constants will be needed to fit 
experiment will provide a quantitative criterion for the success of the theory. 
The normalization of the NN-—2m amplitude to pion-nucleon scattering 
(which we have noted is the analogue of ‘‘pair suppression”’ in this approach) 
was carried out by Ball & Wong (394) including a determination of the 
pion-pion constants from electromagnetic structure. Numerical work is in 
progress and again the results are eagerly awaited. 

E. The L.S interaction.—These numerical programs will have to be com- 
pleted before we know whether two-pion exchange provides a sufficiently 
strong L.S force to explain the effects attributed to this interaction phenom- 
enologically. Although Tzoar, Raphael & Klein (286) did succeed in getting 
a strong L.S force of the right sign, there is by no means agreement among 
the meson-potential theorists that it is actually present, and it may well not 
appear with the newer approaches either. The situation would be profoundly 
altered if there were strong J=1 resonances at low energy in the two- and 
three-pion systems. Sakurai (431) recently pointed out that vector mesons 
strongly decaying into two or three pions can be used to give a unified picture 
of the strong interactions. These, or the resonances just mentioned which 
would be hard to distinguish from them, would provide (a) a spin-orbit force 
of the right sign and magnitude, (b) a short-range repulsion or ‘“‘core” in the 
nucleon-nucleon system, and (c) a strong attraction in the nucleon-anti- 
nucleon system which would explain the large annihilation cross sections 
found in the multi-Bev region. Sakurai showed in particular (432) that the 
Wolfenstein C parameter at 310 Mev, which has a large imaginary part, 
could be reproduced both in magnitude and angular variation by the pole 
term corresponding to a vector meson of about three pion masses. The rela- 
tionship between a possible vector meson and the nuclear force problem, in- 
cluding, of course, the L.S force and the short-distance repulsion, had earlier 
been investigated in detail by Breit (433). He criticized (434) the calculation 
by Sakuri, remarking that keeping only the pole term corresponds to Born 
approximation in a potential calculation and that calculations with potential 
models do not reproduce Sakurai’s result. While we agree that Sakurai’s fit 
is suggestive rather than quantitative, we believe that the pole approxima- 
tion could be a better first guess at 310 Mev than a Schroedinger equation 
calculation. Finally, there is some evidence from the energy spectrum of H* 
and H,’ produced in proton-deuteron collision around 700 Mev as measured 
by Abashian, Booth & Crowe (435) that there is a very sharp resonance or 
bound state in the J=0 pion system at about 2.3 pion masses. If such 
‘particles’ should prove to exist, the calculations described in this section 
would have to be started over practically from the beginning. However, the 
techniques discussed above would still be applicable. 

In summary, therefore, we can say the following about the application 
of nucleon-nucleon dispersion relations to nucleon-nucleon scattering. Just 








166 MORAVCSIK AND NOYES 


as in the meson-potential calculations, there is no ambiguity about the 
one-pion-exchange contribution. As far as two-pion-exchange contributions 
go, dispersion relations eliminate most of the ambiguities we encountered 
in the potential calculations and show clearly and unambiguously how in 
principle the nucleon-nucleon amplitude is connected to pion-nucleon and 
pion-pion scattering. More complicated exchanges require a knowledge of 
meson production amplitudes, and although Cutkosky has given a general 
method for including these as well, in practice the calculations required are 
so complicated that they are unlikely to be attempted soon. However, the 
approach through analyticity and unitarity allows us to give a covariant 
phenomenology for the effect of this region on the nucleon-nucleon scattering, 
and the sensitivity of the theory to the phenomenological elements can be 
studied quantitatively. During the next five years we will undoubtedly learn 
whether a knowledge of pion-pion and pion-nucleon scattering sufficient to 
compute the two-pion-exchange interaction suffices to explain most of the 
features of nucleon-nucleon elastic scattering, or whether novel features such 
as J=1 “particles’’ or resonances must also be invoked. 
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NUCLEAR ORIENTATION! 


By Louis D. RoBERTs AND J. W. T. DABBS 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 


INTRODUCTION 


Nuclear spin orientation studies were first suggested by Kurti & Simon 
(1) and by Gorter (2) in connection with the early development of the mag- 
netic cooling process. In an electron magnetic cooling experiment a para- 
magnetic salt is subjected isothermally to a magnetic field H;, for example 
20 koe, at a temperature TJ; near, say, 1°K. The result is a polarization G, 
(or magnetization <M,>) of the electron spin system with a corresponding 
reduction of the spin-system entropy. When the magnetic field is then de- 
creased to zero adiabatically, the temperature of the salt falls to a value Ty 
such that the entropy or degree of ordering of the spin system due to internal 
spin-spin and spin-lattice interactions has the same value it had at (H;, T;). 
The weaker these internal interactions are, the lower 7; will be. Thus it was 
realized that the lowest temperature would be obtained by performing this 
magnetic cycle on a nuclear spin system where the spin interactions are much 
weaker than for the electron spin case. As was indicated above, the first stage 
in this nuclear cooling cycle is the polarization of the nuclear spin system. For 
the purpose of thermodynamic discussion this polarization is adequately de- 
scribed by <M,>. 

The orientation of nuclei is also of interest in nuclear physics. Usually, a 
more general definition (3, 4, 5) of nuclear orientation which reflects the 
nuclear physics of the problem is needed here. By nuclear orientation we 
mean that the 27+1 substates my of a nucleus of spin J do not all have the 
same population. Equal population of the substates implies a spatially iso- 
tropic system, whereas an unequal population of these substates corresponds 
to an anisotropy and to the introduction of a preferred direction in space. 
The emission or absorption of radiation by such an oriented spin system 
will display an anisotropy relative to this preferred direction. A measure- 
ment of this radiation anisotropy will yield information about the popula- 
tion distribution of the system over the substates my, information relative 
to the preferred direction, and information about the angular momentum 
changes and matrix elements associated with the emission or absorption of 
the radiation. The anisotropy will often, although not always, be spatial in 
character. For example, in the interaction of polarized s-wave neutrons with 
polarized nuclei, the cross section for the process may be modified by the 
polarization while the spatial angular distribution of the reaction remains 
isotropic. However, gamma emission from oriented nuclei will usually dis- 
play an angular anisotropy of intensity. 


! The survey of literature pertaining to this review was concluded in April 1961. 
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The angular distribution W(@) of radiation emitted or absorbed by a 
system of oriented nuclei may be precisely and simply described in terms 
of angular momentum theory. For example, in a frequently adequate formu- 
lation the angular distribution of the intensity has the form 


W(6) = > B,G,P,(cos 8) 


Here the B, are constants containing all of the nuclear information, 
P,(cos @) is a Legendre polynomial of order v, and the G, are parameters 
describing the nuclear orientation. The maximum value of v is set by angular 
momentum considerations, and in general only a few terms in this sum are 
required for an exact description of W(@). Perhaps the basic reasons that 
nuclear orientation experiments have some usefulness in nuclear and in 
solid state physics are, first, that an exact theoretical framework is available 
for the interpretation of experimental results and, second, that within this 
framework, the nuclear physics and the solid state physics enter in separate, 
well-defined parameters. 

There have been a number of excellent reviews of the field of nuclear ori- 
entation, two of these being quite recent (6, 7). Well over a dozen methods 
of nuclear orientation have been proposed which have yielded some useful 
nuclear orientation; most of these have been thoroughly discussed in these 
recent reviews. Thus, for older work we refer the reader to the earlier papers 
and will restrict this discussion to those aspects of the field which are cur- 
rently most active. This current work covers a wide diversity of experi- 
mental and theoretical material. 


GENERAL CONSIDERATIONS 


As was indicated above, nuclear orientation consists in producing a non- 
uniform population of the 27+ 1 substates of the nuclear spin J. The possi- 
bility of doing this, of course, implies that these substates have been in some 
way distinguished by interaction with their surroundings. Over the past 15 
years, a considerably body of information has been obtained about these 
hyperfine-structure nuclear electric and magnetic interactions in solids 
using resonance methods (8, 9, 10). For quite dilute paramagnetic materials, 
the spin-system energy levels are precisely describable in terms of an ‘“‘effec- 
tive’ spin Hamiltonian 3C. For example, for a simple case with axial sym- 
metry, 


IC = giBH.S,' + gi 8(H2S,’ + H,S,’') + ALS,’ + BCLS,’ + 1,S,') 


Here H is an externally applied magnetic field, S’ is the “‘effective’’ 
electron spin operator, gi and gi are the spectroscopic splitting factors, 6 
and $, are the electron and nuclear Bohr magneton numbers, g, is the 
nuclear gyromagnetic ratio, and A, B, and P are coupling constants (8). 

The “effective” electron spin S’ appears rather than the actual spin S of 
the free ion because of crystalline electric field effects. For example, for 
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Cet** the free ion is in a *Fy;2 state with an electron angular momentum J 
of 5/2. In a suitable salt, for example, CesMg3(NOs)12-24H20, the water 
molecules which surround the Ce** ion produce an anisotropic electric field 
in the region of motion of the single magnetic electron. Correspondingly, 
some orbital states are of lower energy than others. Thus the crystalline field 
separates the 2/+1=6 substates into three doublets. The spacing of the 
lower pair of doublets is 26 cm™ which is equivalent to approximately 
38°K (11). Nuclear alignment and electron paramagnetic resonance experi- 
ments are usually performed at temperatures in the liquid helium region or 
below, i.e., less than 4.2°K. Here only the lowest doublet will be appreciably 
populated and S’ is thus one-half, reflecting the degeneracy of the doublet 
state. The anisotropy of the electron g factor tensor expressed in terms of 
gi and gi then predominantly reflects the ‘‘crystal field’’ wave functions (8) 
of this lowest doublet. This anisotropy is very large with gi <0.03 and with 
gi = 1.84 (9, 34). An effective spin S’ =} is fairly typical, an exception being 
ions with half-filled electron shells such as Mn** or Gd***, 

The Hamiltonian Equation 2 is for magnetically dilute materials; the 
degree of magnetic dilution is, of course, relative. There will always be terms 
in 3 involving the interaction between electron spins on different atoms. For 
resonance or other magnetic studies near 4°K, these terms are very small in 
CeeoMgs3(NOs)12°24H,20 relative to the interaction of the electron spin with 
an external magnetic field of, say, a few thousand oersteds. Yet it is terms 
of this type (including the magnetic interaction of the Cet** ion with the 
proton moments of the water of hydration) which limit the temperature de- 
crease in the magnetic cooling of this salt to ~0.003°K. As will be seen in 
the course of this review, Cez2Mg3(NOs3)12:24H2O has been perhaps the most 
useful of the materials so far investigated in the production and measure- 
ment of millidegree temperatures and in the production of nuclear orienta- 
tion. This usefulness comes from the characteristics mentioned above, i.e., 
the high degree of magnetic dilution, the large anisotropy of the g tensor, 
and the large number of water molecules of crystallization. 

For more concentrated magnetic materials, for example CuCl,-4H,0, 
the electron spin-spin interaction is rather stronger and this salt becomes 
antiferromagnetic at 4.2°K (12). Here the spin-spin interaction terms clearly 
may not be neglected in Equation 2. In antiferromagnetic materials, the elec- 
tron spin system often orders itself in a complex superlattice, and time-depend- 
ent effects in the electron spin system which can provide a nuclear spin-lattice 
relaxation are not yet well understood. Thus, nuclear orientation experi- 
ments involving dense antiferromagnetic materials tend to be more a study 
of antiferromagnetism, including correlation time effects, than of nuclear 
physics. 

The situation is somewhat better from the nuclear physics viewpoint in 
the case of metallic ferromagnetic materials. Here the electron spin correla- 
tion times, at temperatures low compared to the ferromagnetic Curie tem- 
perature 7,, will in general be long relative to the lifetimes of nuclear states. 
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The ferromagnetic interaction, of course, does not affect the nucleus directly 
but acts effectively to suppress the off-diagonal elements of the hyperfine 
structure coupling. Thus Equation 2 becomes, for example, in an approxima- 
tion useful for ferromagnetic metals at temperatures well below T,, 


KH = giBH.S,’ + ALS,’ + PU? — 3(I + 1)) — gnBnHels 3. 


Of course, in an arbitrary ferromagnetic material, one would not necessarily 
expect all the tensors describing the interactions in 5 to have the same axis. 
This model has been used for the interpretation of some interesting experi- 
ments on nuclear orientation in ferromagnets which, again, have thus far 
yielded primarily solid state information relative to the magnitude of the 
constant A. 

We wish to note that the spin Hamiltonian will often be more complex 
than in Equations 2 or 3. In addition to the terms discussed above, the crystal 
field may introduce in K a variety of terms in the electron spin (8), for 
example, of the form D[S’,2—45S’(S’+1)]. 

Assuming the electron and nuclear total and projection angular momen- 
tum quantum numbers S, ms, I, mr, nuclear orientation is describable (3, 
4, 5) in terms of the (2S’+1)(27+1) states of 3. One would expect that 
suitable parameters for the description of the nuclear results of nuclear ori- 
entation experiments for situations with axial symmetry would be of the 
form of <JI,>, <I>, etc., and this is indeed the case. The particular form 
of these averages which arises naturally in angular momentum theory is the 
function G, (or fx, which is proportional to G,). In axial symmetry G, has 
the form 

LY < il Mol i> Ps 
G, = — 4. 


EP 


where 7 designates the set of wave functions for which SC is diagonal and P; 
is the population of the ith state. The set of operators 7, have, for example, 
the form 








Too = (27 + 1) Sa. 
3 1/2 

sade F- + DQ + 7” I sb. 
_ piso(ar— 2)! 

t= [a | w-ue+) 5c. 


where J, is an operator. There are a number of other convenient forms for the 
G,. If 3 happens to be diagonal in the S, mg, J, my representation, the 
<i| T,0|i > are Clebsch-Gordan coefficients (cf. Eq. 17). Experimental situa- 
tions may of course arise where one does not have axial symmetry. The rele- 
vant tensors have been discussed by Fano & Racah (13). 

We now consider the several ways of producing population variations 
over the states 7. In most of the nuclear orientation work done thus far in 
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which nuclear results were obtained, these variations have been produced 
by lowering the temperature of the spin system to a value such that kT be- 
comes of the order of one or more of the coupling constants A, B, or P in 
Equation 2. In a few instances T~1°K will suffice, but usually tempera- 
tures in the millidegree region are required. Nuclear orientations approach- 
ing 100 per cent may sometimes be achieved. This essentially thermody- 
namic procedure is generally called the static method. Here it is usually con- 
venient to write 
Tr[ Ty exp (—I3C/kT) 

~~ exp (—3C/kT) 

In a diagonal representation the populations are, of course, 
—E;/kT 
hua (—E;/kT) 7. 
> exp (—E;/kT) 


‘ 








A dynamic method for nuclear orientation has become important in the 
past few years. Here one applies a magnetic field of the order 10 koe to a 
suitable paramagnetic sample at a temperature so low that the electron spin 
system is strongly magnetized. The needed temperature of about 1°K is 
much more easily achieved than the millidegree requirements of the static 
method. Then—as will be described below—by saturating certain transi- 
tions between the levels of 3C, one may force a nonuniform population of the 
(2S’+1)(2I+1) levels of the system. The nuclear orientation parameters 
G,, as defined in Equation 4, also apply here. A nuclear polarization compa- 
rable to the electron spin magnetization of the system may in principle be 
expected, and quite large nuclear polarizations have been obtained. 

One often hears the terms ‘‘nuclear polarization’’ and “nuclear align- 
ment.’’ Usage seems to have given these terms the following meaning. In 
general, polarization is associated with nonzero values for the G, of odd », 
whereas alignment is associated with nonzero values of the G, of even ». All 
of the G, except Go, which is related to the intensity, become zero in the ab- 
sence of nuclear orientation. It is interesting that if the system is polarized 
it will often also be aligned, but not vice versa. For small G,, G2 is of the 
order of G,?; but as G; approaches saturation, Gz may also. 

The following material is classified according to the procedure used to 
produce the nuclear orientation. 


DYNAMIC METHODS 


Dynamic methods of nuclear orientation have given a number of inter- 
esting results in nuclear and solid state physics (6, 14). For example, in nu- 
clear physics, the angular distribution of gamma emission from a number of 
oriented nuclear species has been observed and magnetic moments of excited 
nuclear states have been measured. In solid state physics, the magnitude 
and sign of hyperfine structure coupling constants have been determined 
with precision, and the electron and nuclear spin relaxation times associated 
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with the dynamic nuclear orientation process have been obtained. Quite re- 
cently, dynamic proton polarization experiments have yielded a polarization 
near 20 per cent (15, 25), and even higher values may be expected from 
reasonable extensions of the techniques. These proton polarization results 
may be of much value in particle scattering experiments. Because of their 
potential usefulness in nucleon interaction studies, we shall direct our atten- 
tion in this section primarily toward these recent proton polarization experi- 
ments, including some discussion of studies leading up to them. 


ORIENTATION USING A RELAXATION PROCESS 


The method used in this proton orientation work is an outgrowth of a 
suggestion by Overhauser (16) that the nuclei of a sample of metal might be 
oriented by a combination of the selective excitation of a particular electron 
resonance followed by the de-excitation of this state through a process in 
which a nuclear spin is flipped. In particular, he discussed the case of a metal 
sample in an external magnetic field. Here, the field produces a Zeeman 
splitting AE of the conduction electron spin states. These states will then 
have different populations at thermal equilibrium. If an rf field of frequency 
v=AE/h is suitably applied to the sample, transitions between the electron 
spin states are induced, and with increasing rf power the populations of the 
two states may be made to approach equality, i.e., the spin system may be 
made to approach saturation. In a steady state situation the number of 
spins entering the higher-energy state through the rf excitation will of course 
equal the number leaving it through various de-exciting mechanisms. One 
expected relaxation mechanism will be the scattering of the excited state 
conduction electrons on nuclei. If these nuclei have spin, the scattering 
operator will involve spin-orbit coupling of the conduction electron angular 
momentum with that of the nucleus. 


5Hz.0. sled LS: + (1,S_ + I_S,)/2 8. 


Terms of the form I,S_ or J_S, will de-excite the higher-energy electron 
spin-state and flip a nuclear spin in the process. Because of the rf excitation, 
there will be a preferred relaxation flow of electron spin-state population 
from, say, m=-+} to m,=—} with a corresponding flow of nuclear spin- 
state population in the opposite direction toward higher projection quan- 
tum number. If all nuclear spin relaxation processes tending to destroy the 
above dynamically produced orientation were slow relative to the above 
rate of dynamic nuclear orientation, the degree of nuclear polarization would 
be of the order BH/kT =0.67 X10~-* H/T. For H~10! oe and T~1°K, it is 
found that BH/#T =0.67, corresponding to a respectable degree of nuclear 
polarization. The maximum value of H is set by the maximum frequency at 
which adequate rf power is available to saturate the electron spin system. At 
present, for the most favorable systems, this is in the neighborhood of 
30,000 mc/sec which is equivalent to fields in the vicinity of 104 oe. A temper- 
ature near 1°K is quite easily attainable through the application of usual 
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liquid helium techniques. Also, well-engineered refrigeration methods are 
being developed for the attainment of temperatures near 0.3° to 0.4°K with 
a substantial heat load using a gas-liquid helium-3 cycle. Lower tempera- 
tures at substantially lower heat load capacities are, of course, available 
through a magnetic cooling refrigeration cycle of the kind described in the 
introduction. The point here is that, potentially at least, large dynamic 
nuclear polarizations would seem to be available at values of magnetic field 
and temperature that are relatively convenient to attain. 

The above nuclear polarization ideas were quickly verified by Carver & 
Slichter (17) using metallic lithium and sodium and also a solution of 
sodium in anhydrous liquid ammonia. Relatively low magnetic fields in the 
range 12 to 44 oe were used. The experiments were performed at room tem- 
perature. The nuclear polarization was measured by observing the nuclear 
magnetic resonance of the lithium, sodium, or hydrogen (in the ammonia) 
nuclei, the amplitude of this resonance being approximately proportional 
to the polarization. The nuclear polarization was enhanced by a large factor 
by the Overhauser process, but it was rather less than that theoretically pre- 
dicted for the lithium and sodium metals. In the case of lithium this was 
attributed to a competing nuclear spin relaxation process destructive to the 
nuclear orientation and in the case of sodium to a very short conduction elec- 
tron spin relaxation time which did not permit a saturation of the sodium elec- 
tron spin resonance with the available rf power. For protons in the sodium- 
anhydrous liquid NH; solution, a full effect was observed, but the nuclear 
polarization obtained was still very small because of the high temperatures 
and low magnetic fields. 

This first experiment succeeded in part because it was performed at low 
magnetic fields and frequencies and at relatively high temperatures. The 
extrapolation of this first work to lower temperatures and higher fields and 
thus to larger nuclear polarizations presented a number of practical difficul- 
ties. Among these was the fact that at, say, 30,000 mc/sec and 1°K the rf 
skin depth in a metal would be exceedingly small, making it difficult to attain 
a sample thickness adequate for most nuclear physics applications. This 
difficulty may be alleviated through the use of an insulator or semiconductor 
sample material, and such experiments have been done successfully. Another 
problem arises because the conduction electron spin-lattice relaxation time 
for metals is expected in general to be very short, as with sodium, above, 
with the result that high rf power levels would be required at these high fre- 
quencies to saturate the electron spin resonance. A third disadvantage of the 
Overhauser process is that the polarization is built up in the sample through 
a relaxation process for which the relaxation time may be quite long. 


SATURATION OF PARTIALLY FORBIDDEN TRANSITIONS 


With the success of the Carver-Slichter experiments, a number of authors 
(14, 18, 19) pointed out that the method was not restricted to the saturation 
of the electron spin resonance in metals but wasa technique which should be 
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quite widely applicable to paramagnetic materials exhibiting a hyperfine 
structure coupling and having suitable spin relaxation times. It was pointed 
out that this hyperfine structure interaction could be of a quite general type, 
for example, dipole-dipole coupling. Of especial importance was the recogni- 
tion by Jeffries (19) that nuclear polarization could be produced through the 
saturation of the partially forbidden transitions in which electron and 
nuclear spins simultaneously undergo a change of projection quantum num- 
ber. Here the reorientation of the nuclear spin is directly forced by the ap- 
plied radiofrequency power, and the polarization may be expected to build 
up quickly. This is in contrast to the Overhauser process in which the polari- 
zation builds up with relative slowness through a relaxation process. 

Jeffries first applied his ideas in an experiment for the dynamic polariza- 
tion of cobalt 60, the magnitude of the polarization being measured through 
the anisotropy of gamma emission from the oriented nuclear spin system 
(20). A nuclear polarization G, of the order of 10 per cent, equivalent 
to an alignment G2 of about 1 per cent, was obtained. This was about 
half the theoretically expected value. The sample used was a crystal of 
LazMg3(NOs3)12°24D20 in which 1 mc of Co® and a very small amount of 
Co*® replaced a portion of the Mg. Although the gamma anisotropy was 
relatively small, about 1 per cent, it was precisely observable because of a 
relatively high level of gamma activity. 

In the above experiment, the resonant electron spin and the nucleus 
being oriented belonged to the same atom and were coupled by a hyperfine 
structure coupling of sufficient magnitude to be resolved readily in an elec- 
tron paramagnetic resonance experiment. It is then possible to saturate par- 
ticular transitions of the system selectively. An external magnetic field large 
relative to the hyperfine structure coupling was applied to the sample, largely 
decoupling the electron and nuclear spins and giving spin wave functions of 
the general form | ms, my > +a m,—1, mr+1>. The important terms in the 
static Hamiltonian are then the hyperfine structure coupling and the inter- 
action of the electron spin with the external field, the direct interaction of 
this external field with the nuclear spin being negligible here. The partially 
forbidden transitions were excited by placing the oscillating rf magnetic field 
parallel to the dc field H, the transitions taking place by way of the small 
term in a~B/H in the wave function. The magnitude of the polarization was 
expected to be ~(22+1)" (hv/kT) if only one of the 2J partially forbidden 
electron resonances were saturated. Other things being equal, a larger polari- 
zation evidently results with smaller nuclear spin. This procedure has been 
applied (6) to Mn, Mn*, Sb!, and As” as well as to Co, above. The 
gamma-ray anisotropies were observed and the nuclear moments were de- 
termined. 

The next significant advance in dynamic nuclear orientation studies 
came as follows. As was pointed out in the above work on Co, the electron 
and nuclear spins entering the process both belonged to the same atom. 
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Erb, Motchane & Ubersfeld (21), Abragam & Proctor (22), and Abraham, 
McCausland & Robinson (23) found that the saturation of ‘‘forbidden’’ 
electron resonances of paramagnetic impurity atoms in various substances 
could induce the polarization of nuclei of the host material in the volume 
surrounding the impurity atom. This process has been further investigated 
by Leifson & Jeffries (24), by Borghini & Abragam (25), and by Khutsish- 
vili (26). A considerable number of nuclei have been polarized in some degree 
(6, 14), and it was by this procedure that proton polarizations near 20 per 
cent have been obtained (25). The paramagnetic impurity may be intro- 
duced, for example, as a small amount of paramagnetic Ce*** replacing the 
Lat** in LazMg3(NOs)12- 24H20 which itself has no electron paramagnetism, 
or as F centers or free radicals produced by radiation damage in a plastic 
or other dielectric material. For a sufficient paramagnetic impurity atom 
density, this polarization could extend throughout the entire volume of the 
sample. In common with the method of Jeffries, this process depends on the 
saturation of partially forbidden transitions. The terms in 3C, however, have 
a somewhat different order of importance. 

In a simple model (14, 24), we consider a crystal lattice consisting of rela- 
tively few electron spins 5S; (i.e., paramagnetic ions) and many nuclear spins 
I; in atoms in the vicinity of the paramagnetic ion. Let S; be the kth electron 
spin, J; be the ith nuclear spin, and let the sample be subject to a magnetic 
field H. For convenience we assume the electron spectroscopic splitting fac- 
tor g to be isotropic. We have then 


KH = g8 > H-Sk — gnbn > H- + > Da t+ DY Vij + Keetax + Het 9. 
k 7 tk ij 


for the spin Hamiltonian for the crystal, omitting any terms which do not 
directly contribute to the dynamic nuclear orientation. The interaction be- 
tween the kth electron and the ith nucleus is given by Dx. This interaction 
is predominantly dipole-dipole in character but may include a contribution 
from terms of the form §,- J; arising indirectly from an overlap of the wave 
function of S; with the wave functions of the ith atom. The term Wrelax 
represents the operators leading to spin-spin and spin-lattice relaxation, and 
ire represents the term leading to the absorption of the rf signal in the 
sample. The Zeeman splitting of the electron spin levels will correspond to a 
frequency v,~10° times greater than the equivalent nuclear frequency v, of 
the nuclear levels. These terms would be entirely independent except for the 
term in Dy which slightly mixes the electron and nuclear states. This mixing 
leads to resonances at v,+v, as well as at v,. Figure 1 illustrates these energy 
levels for assumed electron and nuclear spins S=J =}. The states are desig- 
nated by mg and my, the quantum numbers of the decoupled system. In the 
absence of the Dg term, only the allowed transition Q (or the equivalent 
nuclear transitions) could occur; but with the Dx coupling, the so-called for- 
bidden transitions R and S may also be induced. 
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Fic. 1. Energy levels of a system with S=4, J=} in a strong magnetic field. 


The probability of the R and S transitions will depend on the degree of 
mixing of the electron and nuclear wave functions, and in turn this degree 
of mixing will reflect a coefficient of the form < | Dix| >/(g8H). Thus, at large 
distances from the paramagnetic impurity where the dipole-dipole interac- 
tion <|Dx|> is small, the rate of direct dynamic nuclear orientation will 


be weak. 


The term U;; in Equation 9 represents the dipole-dipole interaction be- 
tween the ith and jth nuclear spins. It has been shown by Bloembergen (27), 
Jeffries (24), and others that the nuclear orientation may diffuse through the 
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nuclear spin system by way of this spin-spin coupling of neighboring nuclei, 
tending to give a uniform density of nuclear polarization even though the 
paramagnetic impurity density may be small. This diffusion of the polariza- 
tion P (not to be confused with P in Eq. 2) has been described in terms of a 
diffusion equation 


aP/at = DV*P 10. 


where ¢ is the time and D the diffusion coefficient. Thus it is found that 
P «exp (— Dé). Jeffries et al. (24) estimate D~3 X10~-" cm?/sec. Polarization 
initially confined to a volume near a paramagnetic ion would diffuse through 
a sphere of 10~*-cm radius in one second. 

Leifson & Jeffries (24) have made an extensive study of the thermal 
relaxation and dynamic orientation of protons in single crystals of 
LazMg3(NOs);2:24H.2O in which a small portion of the Lat** has been re- 
placed by paramagnetic Cet**. This work was performed at temperatures 
in the range 1.6° to 4.2°K with Ce*** ion concentrations in the range 0.05 
to 5 per cent of the Lat**. The partially forbidden electron paramagnetic 
resonance was strongly induced at 9400 mc/sec, and the degree of proton 
polarization was measured simultaneously by observing the proton nuclear 
magnetic resonance at 16 mc/sec. For a 1 per cent Cet** ion concentration 
at a temperature of 1.6°K, the proton polarization was enhanced by a factor 
of 140 above the thermal equilibrium value in the applied magnetic field of 
about 3700 oe. Because of the relatively small value of this field, the proton 
hyperfine structure was not resolved, i.e., < | gnBnJ-7 | > was comparable to 
the electron resonance line width. 

If one calculates the expected polarization enhancement on the basis of 
a simple model which neglects nuclear spin relaxation effects destructive to 
the induced polarization, a value of 605 is obtained, somewhat more than 
four times that observed. This fact of course shows that competing relaxa- 
tion effects are important. The observed polarization enhancement of 140 
is equivalent to an actual polarization P =0.03. 

The proton spin-lattice relaxation time T;, was found to vary with the 
absolute temperature as J~? at constant Ce*** ion concentration in the 
temperature range 1.6°K to 4.2°K. At fixed temperature, the inverse relaxa- 
tion time 7),~' was found to be roughly proportional to the square of the 
Cet*+ ion concentration. The electron spin-lattice relaxation time of the 
Ce** ion T, was found to be independent of the Ce*** ion concentration 
in the concentration range studied, and to depend on the temperature as 
T—4 in the temperature range 1.9° to 2.6°K. 

In these studies evidence for a diffusion of proton polarization is obtained 
from the observation of the time required for the polarization to build up 
after the rf power is turned on. It was concluded that both the direct polari- 
zation of the protons which are near neighbors to the Ce*** and the polari- 
zation of more distant protons through diffusion are important mechanisms. 
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Similar measurements have been made by Borghini & Abragam (25) ata 
higher frequency of 34,000 mc/sec in the temperature range of 1.5° to 2.1°K. 
Again the substance studied was LazMg3(NOs3)12-24H2O in which a small 
fraction of the Lat+** was replaced with Cet**. The concentration of Cet*+ 
ion was in the range 0.1 to 20 per cent. Here, at the higher field value of 
13,500 oe, the proton hyperfine structure was clearly resolved, i.e., the 
partially forbidden transitions R and S could be well resolved from the 
allowed transition Q, Figure 1. Results of relaxation time measurements at 
this higher frequency were in agreement with those of Jefferies et al. (24) in 
the lower-frequency range. A crystal with 0.5 per cent Ce*** ion concentra- 
tion was investigated most extensively, and at the lower temperatures polari- 
zation enhancements of over 200 were obtained. At 1.5°K this enhancement 
corresponded to P=0.19. This magnitude for P should be useful in nuclear 
physics investigations. High-energy proton-proton scattering experiments 
are being set up both at Saclay (30) and Harwell (31), using the above 
method to produce a polarized proton target. 

It may be reasonably objected that the partial polarization of but a frac- 
tion of the nuclides in a complex salt such as the Laz2Mg3(NOs) 12° 24H20 does 
not provide a very satisfactory polarized target for scattering experiments, 
and in general this is true. The molecular weight of this salt is 1530; thus 
only about 3 per cent of the nucleons present, i.e., the protons of the 24H,0, 
may be polarized. To improve the situation Robinson (28) and Hwang & 
Sanders (29) have investigated the possible use of polyethylene or of high- 
molecular-weight paraffins of general formula C,,H2,42 where n is large. Here 
roughly one nucleon in 7 (or 14 per cent of the nucleons) is a proton which 
potentially may be polarized. These compounds are normally nonmagnetic 
with regard to electron paramagnetism. They may, however, be subjected 
to radiation damage, which breaks a small fraction of the chemical bonds 
producing free radicals with an electron spin paramagnetism. Once more, by 
strongly inducing the “forbidden’”’ transitions an appreciable proton polari- 
zation has been obtained which, however, has not been as large as with the 
LaeMg3(NOs3)12°24H20. A polarization P of 1.2 per cent has been reported 
by Hwang & Sanders (29). As the hydrocarbon has a much more favorable 
ratio of protons to total nucleons than the lanthanum salt, the 1.2 per cent 
polarization in the paraffin may be comparably as useful as the 20 per cent 
in the lanthanum salt, for some experiments. 

The hydrocarbon work is only in its initial stages, and the processes in- 
volved are not yet completely understood. In some respects, the lanthanum 
salt seems more ideal. Here, the frequencies of the two partially forbidden 
transitions R and S are defined effectively by the interactions of the elec- 
trons and protons directly with the external field. The dipole-dipole inter- 
action Dy weakly mixes the electron and proton spin states but has little 
effect on the energy of the transitions », and y,+v,. Thus, in a sense, all of 
the protons are equivalent. In the radiation-damaged paraffins, one seems 
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to have a different and somewhat less simple situation. The C,H2n42 consists 
of long chain molecules. In the radiation damage the chain is broken and the 
two electrons which were involved in the now broken bond are free to move, 
one in each of the fragments. There are many protons in each fragment which 
are individually coupled through a contact-type interaction to the one 
itinerant electron. This leads to a complex hyperfine structure with a broad 
band of partially forbidden transitions. The lack of sharpness leads to dif- 
ficulty in saturating the R or S transitions. This work is thus giving interest- 
ing solid state information and it holds much promise for nuclear appli- 
cations. 

The high degree of dilution of the protons in the lanthanum salt renders 
the use of this material as a polarized proton target difficult though not 
impossible. In a proton-proton scattering experiment, if one measures the 
energy and angle of both emergent protons, the scattering from the polarized 
protons may be differentiated from scattering by unpolarized nucleons 
bound in other nuclei. Development work toward such experiments is cur- 
rently being considered both at Harwell (31) and at Saclay (30). To obtain 
the higher polarization of about 20 per cent, the apparatus is being designed 
for temperatures near 1°K and frequencies near 34,000 mc/sec, correspond- 
ing to wavelengths near one centimeter. With present methods, this short 
wavelength restricts the size of the sample to roughly a square centimeter 
area by about a one-tenth-centimeter thickness. These dimensions appear to 
be useful for the measurements contemplated. 

For scattering experiments in the very-high-energy region much thicker 
targets will be most desirable. The problem here is one of rf technique—that 
of obtaining a uniform, adequately intense rf field in the millimeter wave- 
length region over a sample whose dimensions are a number of rf wavelengths. 
This development does not seem to have been attempted seriously as yet. 

Returning once more to the present development of nuclear polarization 
in the lanthanum salt, there seem to be a number of useful—if selective— 
applications. For example, it should be possible to prepare the lanthanum 
salt with heavy water and obtain a high degree of deuteron polarization. 
This target could be conveniently used to measure the neutron-deuteron 
scattering lengths for polarized thermal neutrons, for example. We are not 
aware of any work thus far on the dynamic polarization of deuterons. 


STATIC METHODS 


THE ‘“‘BRUTE Force”? METHOD OF POLARIZATION 


The first method for nuclear spin orientation proposed (1, 2) was direct 
orientation through the application of a large external magnetic field to the 
system at very low temperatures. Here G; is proportional to the nuclear mag- 
aetization, or polarization P. 


P = Trl, exp (—3/kT)/[ITr exp (—3C/kT)] 11. 
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With 3 = —u,°H and for all presently accessible values of H and T 
P = (I + 1)gnBnH/(3kT) = 1.22 X 10-®(T + 1)pnH/UT) 12. 


Thus a large P is favored by a large uw, and a small J. In principle, the method 
may be applied to any nucleus with a magnetic moment. As will be dis- 
cussed later, the practical lower limit to T seems to be about 0.01°K and 
the upper limit of H at present seems to be of the order of 10° oe with 
H/T~10". Thus for uy, and I each of the order of one, a polarization of 24 
per cent should be obtainable. Thus far, the maximum H/T which has 
actually been obtained (32) is about 310° oe/deg corresponding to a field 
of 30,000 oe at a temperature of 0.01°K. 

The principal application of the ‘‘brute force’’ procedure is in the orien- 
tation of nuclei which have negligible hyperfine structure coupling to their 
surroundings and in which the sample of oriented nuclei must be dense and 
must contain only a single nuclear species. A serious experimental difficulty 
immediately becomes apparent; the strong magnetic field must be main- 
tained at the sample simultaneously with the very low temperature. Since 
such temperatures can only be reached by adiabatic demagnetization at 
present, it is clear that the nuclear sample must be maintained in the strong 
field while the magnetic interaction of the cooling agent (paramagnetic salt) 
with this strong field is reduced to a near zero value in the magnetic cooling 
cycle. This has been accomplished in two ways: by using the indirect cooling 
process in which there is a spatial separation of the nuclear sample and the 
cooling salt so that the field requirements can be met; or by using a magnetic 
cooling salt which also includes the nuclei to be oriented and which 
has a highly anisotropic spectroscopic splitting factor g, for example 
Ce2Mg3(NOs3)12°24H20. In the latter case, cooling may be obtained by 
rotating the salt crystal relative to the field (33) from the direction of the 
large g factor to the direction of the small g factor while maintaining the 
magnetic field at full or high value. This latter approach has been widely 
used for the orientation of nuclei in ions having a hyperfine structure 
coupling, as will be discussed below, and has been used for “brute force”’ 
polarization in the case of protons (34, 35). In the former “‘indirect’’ cooling 
method, a separation of less than ~10 cm between the high and low field 
regions is difficult to obtain; thus a “heat transfer link’’ of considerable 
length is involved. The thermal conductivity of copper or silver has been 
adequate for this purpose down to temperatures in the vicinity of 0.01°K. 

Among the heats to be transferred from the nuclear sample to the cooling 
salt are the heat of magnetization given off when the nuclei of the sample 
make transitions to the lower Zeeman levels as they become polarized, the 
heat arising from eddy currents due to fluctuations of the strong field or 
arising when this field is applied, and the heat generated by the detection or 
measurement process. 

The process of heat conduction has fundamental limitations as virtually 
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all materials have thermal conductivities which decrease with temperature.? 
Thus for a given geometry and heat input at the nuclear sample, there is little 
to be gained by lowering the temperature of the coolant salt to a value small 
compared to the temperature drop along the conducting material and into 
the cooling salt. With CezMg3(NOs3)12: 24H2O, temperatures as low as 0.003°K 
may be obtained within the salt; but because of these temperature drops 
within the cooling link, it has not proved feasible to cool samples external 
to the cooling salt to so low a temperature. Using presently available indirect 
cooling techniques, temperatures near 0.05° to 0.10°K may be readily ob- 
tained at the nuclear sample, but the attainment of a temperature of 0.01° 
to 0.02°K by heat transfer methods requires that every aspect of the thermal 
isolation of the sample and of the heat transfer process be optimized (32). 
The subject has recently been well discussed by Miedema (37). The coolant 
salts which have proved most useful are Mn(NHy,)2(SO,4)2°-6H20 down to 
about 0.15°K, FeNH,4(SO,)2°12H:O down to about 0.04°K, and CrK(SO,)e 
-12H,O down to about 0.01°K (38). 

On the basis of heat transfer considerations, the transient times for 
cooling to temperatures near 0.01°K may become quite long. Times of the 
order of hours were involved in the helium-3 thermal conductivity measure- 
ments (36). In addition, another time enters the problem in the orientation 
of nuclei; this is the time required for transitions to occur among the nuclear 
Zeeman levels of the oriented sample. Little is precisely known about this 
nuclear spin-lattice relaxation time for paramagnetic salts at H/T~10’. 
For metals such as copper or silver at small fields, the time should be of the 
order of 1/T in seconds down to T~0.01°K. Fields up to 30,000 oe do not 
seem to lengthen the time excessively compared to the small field value (32). 

The first application of the “‘brute force’’ method was in the first deter- 
mination of u, for protons by a direct measurement of their magnetization 
in solid He by Laserew & Schubnikow (39). At the temperature used (2°K), 
the nuclear magnetization was of course quite small. Thus far, there have 
been two other applications of nuclear polarizations of the ‘‘brute force”’ 
type; the attainment of exceedingly low temperatures in the range 10~* to 
10~° °K by nuclear demagnetization (32), and the study of the spin depend- 
ence of nuclear interactions. Rose (3) suggested the use of polarized neutron 
beams for the latter purpose. 

When polarized slow neutrons are captured or scattered by nuclei whose 
spins are randomly oriented, the cross section is independent of neutron 
polarization. If both neutron and nuclear spins are polarized, a change in 
effective cross section may occur (3), reflecting the spin-dependence of the 
interaction. If the neutron energy is assumed to be near a resonance of a 


2 An exception is worthy of note: liquid helium 3 at temperatures below about 
0.2°K exhibits a thermal conductivity of (50/7) ergs/cm sec (36). However, boundary 
resistances play a large role in practical cases. 
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compound nucleus of angular momentum J, =I+}3 or J.=I—}, the polari- 
zation-dependent cross sections are given for s-wave neutrons by 


= o(1 +7 hP) 13a. 


and 
o~ = o(1 — fnP) 13b. 


where f, is the neutron polarization, given by(N T —N|)/(NT +N] ),and 
P is the nuclear polarization defined by Equation 12. Thus, by a simple 
reversal of the direction (hence sign) of either f, or P, the observation of the 
direction of the change in o, or o_ enables one to judge immediately whether 
J, or J_ is the angular momentum associated with the compound state. 

This approach was first used in a demonstration of “brute force’’ polari- 
zation at the Oak Ridge National Laboratory by Dabbs, Roberts & Bern- 
stein (40); In" metal was cooled to 0.04°K by heat conduction to a para- 
magnetic salt which was thermally connected to the indium metal sample. 
The ‘“‘heat link’’ consisted of 20 thin silver wires soldered to the 20 thin 
indium plates which comprised the sample. A field of 11,000 oe was applied 
in the indium but not to the salt approximately 12 cm away. The 2.1 per cent 
nuclear polarization was observed by a 7 per cent change in the transmitted 
intensity of a polarized neutron beam when the neutron polarization was 
reversed relative to the polarization of the nuclei. The experiment established 
that the angular momentum of the compound state in In" for 1.458-ev 
neutrons was J=I+4= 

An important extension of this work using similar experimental tech- 
niques has recently been carried out at the Naval Research Laboratory by 
Stolovy (41). In these measurements, the earlier work was verified and, in 
addition, J values for the 3.86-ev and 9.10-ev neutron capture resonances 
in In™> were found to be 4 and 5, respectively. 

More recently, an experimental cryostat designed for general use in this 
field has been developed at Brookhaven National Laboratory (42). Al- 
though no “brute force’’ polarizations have as yet been performed, several 
studies using (ferromagnetic) Ho'* metal as the nuclear sample and Ho" 
in the ethylsulfate have been made, utilizing the hyperfine structure cou- 
plings present in these substances. 

To date, the most refined application of the ‘“‘brute force’’ method has 
been the production of temperatures near 10~* °K by Kurti and his collabo- 
rators (32). Anuclear polarization was produced at about 0.01°K with applied 
fields up to 30,000 oe. The nuclear sample was Cu metal, and consisted of 
about 1500 fine Cu wires. One end of each wire was in thermal contact with 
a paramagnetic salt, CrK(SO,)2-12H2O, and the other end was folded into a 
bundle with the other wires to make a massive compact nuclear specimen. 
The arrangement is shown in Figure 2. After the ordinary electronic cooling 











NUCLEAR ORIENTATION 191 


of the copper specimen to 0.01°K, a nuclear demagnetization was performed, 
starting from 0.01°K and 30,000 oe. This gave a final temperature roughly 
10° times lower than any previously achieved with electronic demagnetiza- 
tion, for the reasons discussed at the beginning of this article. Temperatures 


of 10-5 °K or below were measured from the 
bulk magnetic susceptibility of the nuclear 
sample. In these susceptibility measure- 
ments Curie’s law holds and the tempera- 
tures can be determined toa few per cent. 
No attempt to isolate the copper nuclear 
sample thermally from the CrK(SO,)2 
-12H:20 cooling salt before nuclear demag- 
netization has yet been made. However, 
there is the natural (and rather poor) iso- 
lation afforded by the nuclear spin-lattice 
relaxation time. An effort to effect this 
thermal isolation may be anticipated. This 
should further open the possibility of the 
study of nuclear spin cooperative effects in 
solids. 

With the continued development of 
very-low-temperature and high magnetic- 
field technology, a more widespread use of 
the “‘brute force’ method as a tool of nu- 
clear physics as well as solid state physics 
seems probable. The current development 
of superconductors such as NbZr and 
Nb;Sn alloys (43) which remain supercon- 
ducting in fields near 105 oe presents inter- 
esting possibilities. 

Again, for nuclear reaction physics in- 
vestigations with polarized particles, a re- 
striction presently exists in the energy 
ranges in which polarized neutrons can be 
obtained. At present, polarized neutron 
beams are available only in the 0- to 10-ev 
range, approximately, and in certain 
higher-energy ranges where nuclear scat- 
tering reactions provide a_ polarization 






































Fic. 2. Nuclear demagnetization 
assembly. 


mechanism. There are, nevertheless, many neutron resonances which can be 


studied with available techniques. 


In addition to work in neutron physics there is the possibility of investi- 
gating the interaction of polarized protons in the Mev-energy range with 
polarized targets. Little work has been done along this line. 
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ORIENTATION OF NUCLEI INCLUDED IN FERROMAGNETIC OR 
ANTIFERROMAGNETIC MATERIALS 


In ferromagnetic and antiferromagnetic materials, one often finds im- 
mense “‘effective’’ magnetic fields at the nucleus of the magnetic atom. This 
effective field may be as large as 10° to 10° oe. Since the magnetic induction 
in ferromagnets is only of the order of 2 X10‘ oe or less and is zero in anti- 
ferromagnets, this effective field clearly is more a property of the individual 
atoms than of their collective magnetic behavior. A detailed theory of the 
effective field which correctly gives its sign and magnitude has not yet been 
developed. One can, however, say that it probably arises from a polarization 
of inner-shell s electrons. The polarization presumably comes from an electro- 
static or exchange interaction between the inner s states and the outer d or 
f shells responsible for the bulk magnetic properties. In any case, the effective 
field is parallel to the direction of orientation of the atomic angular momen- 
tum and thus is parallel to the bulk magnetization in a saturated ferro- 
magnet or to the sublattice magnetization in an antiferromagnetic material.’ 
Thus this effective field may be suitable for nuclear orientation experiments. 
This field Hes is proportional to the constant A of the spin Hamiltonian, 
Equation 3, and is given by AS’/(gnBn). 

There is an interesting point about nuclear spin-lattice relaxation times. 
For metallic materials, in which at low temperatures the conduction electrons 
provide the relaxation mechanism, one may expect this time to be fairly 
short—of the order of 1/T in seconds. For nonmetallic antiferromagnetics, 
on the other hand, the nuclear relaxation presumably must be by way of 
antiferromagnetic spin waves. Indications are that the antiferromagnetic 
relaxation times for magnetically dense materials may be expected to be 
hours to days at temperatures below 0.1°K or so. Thus metallic materials, 
and preferably metallic ferromagnetic substances, will tend to be more 
useful for nuclear orientation studies than nonmetallic antiferromagnetics. 
As a useful magnetic cooling cycle can only be performed on paramagnetic 
materials, ferromagnetic or antiferromagnetic substances can be cooled 
effectively only by direct methods such as those discussed in connection with 
the “brute force’’ method. 

The pioneering experiments on the orientation of nuclei in ferromagnetic 
materials were performed by Kurti and co-workers (44, 45, 46). They ob- 
served the angular distribution of gamma rays from nuclei oriented in cobalt 


8 Quite recently information about the sign and magnitude of these effective fields 
has been obtained by the Méssbauer method. Hanna et al. have measured an effective 
field of —333 koe in metallic iron (43a). The negative sign of this field, which had 
not been anticipated theoretically, has been discussed theoretically by Goodings & 
Heine (43b). Similarly, He¢ has been measured for tin 119 dissolved in ferromagnetic 
metals by Boyle et al. (43c), and for gold 197 in a number of ferromagnetic alloys by 
Roberts & Thomson (43d). 
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metal and in alloys of iron and cobalt. Because the Co® decay scheme was 
understood, this work gave information about the magnetic hyperfine struc- 
ture coupling constant A. Details of the alloy work have not been published. 
More recently, Samoilov et al. have performed some interesting nuclear 
orientation studies on the nuclei of diamagnetic atoms such as gold dissolved 
in a ferromagnetic material (47). They discovered that the gold electrons 
took part in the ferromagnetism of the host and that quite large effective 
magnetic fields occurred at the nuclei of the solute atoms. 

The method has been applied for polarizing gold, antimony, and indium 
nuclei using alloys of these elements in iron. The degree of orientation was 
determined from the anisotropy of gamma rays emitted by radioactive 
Au'®§, Sb’, and In™™ nuclei. The active isotopes either were obtained by 
thermal-neutron irradiation of the sample or were introduced into it in the 
process of preparation of the alloy. The specimen, in the shape of a thin disk, 
was soldered to the upper end of a copper rod, the lower end of which was 
brazed to copper fins pressed in a cooling pill of potassium chrome alum 
(the contact area being about 50 cm?). There was a small electromagnet 
inside the helium Dewar flask which magnetized the specimen. The gamma 
rays emitted by the radioactive nuclei were detected by two scintillation 
counters. The activity of the specimen used in the experiments was 5 to 10 uc. 
The salt was demagnetized starting with an initial field of about 20 koe and 
a temperature of 1.05 to 1.10°K. The time dependence of the gamma-ray 
counting rates along and at right angles to the applied field [W(0) and 
W(a/2), respectively], as well as the ‘‘magnetic’’ temperature of the salt, was 
measured. It was discovered that the thermal equilibrium between the speci- 
men and the salt was normally reached in 30 to 40 minutes after the time of 
demagnetization (by this time the salt had usually heated up to ~0.03°K). 
This relaxation time was probably primarily the time for heat transfer from 
the copper fins into the cooling salt. Defining the gamma-ray anisotropy as 
€=[W(a/2) — W(0)]/W(a/2), at 0.03°K an anisotropy of 0.06 was obtained 
for gold, 0.08 for antimony, and 0.28 for indium. The corresponding effective 
magnetic fields calculated from ¢, the decay scheme, and the temperature 
were 1 X10°, 2.8105, and 2.5 X 105 oe. 

As was indicated earlier, Sailor and co-workers have used these methods 
to investigate the interaction of polarized neutrons with polarized holmium 
nuclei (42, 48). A polycrystalline sample of holmium ethylsulfate was cooled 
down to 1.0°K. The Ho" nuclei (spin 7/2) were polarized with the aid of an 
external magnetic field. The spin Hamiltonian proposed by Bleaney and 
Baker was used for calculating the degree of nuclear polarization along the 
direction of the applied magnetic field. The nuclear polarization for the poly- 
crystalline sample at 1.0°K was 0.15. The nuclei were expected to be polar- 
ized in the hemisphere of the positive direction of the applied magnetic field, 
because of the positive value of A. To reduce possible interactions between 
the Hot** ions, the applied magnetic field was made large, e.g., 10.4 koe. 
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The relative difference (T*+—7—)/(T*++T —) in transmission with the neu- 
trons polarized parallel (7+) or polarized antiparallel (T—) with respect to 
the applied magnetic field was measured for the 3.96-ev resonance to be 
2.9+0.1 per cent. Hence the spin of the compound nucleus at the 3.96-ev 
resonance is ]+4=4. Preliminary measurements for the 12.8-ev resonance 
indicated spin 4 for this resonance also. Similar measurements were also 
made with holmium metal, which is ferromagnetic: the polarization found 
was somewhat less than for the salt, but other results such as the compound 
nucleus spin values were in agreement. 

Similar measurements to the above have been made by Stolovy on 
gadolinium 155 and 157 using ferromagnetic gadolinium metal (49). The 
measurements were made in the vicinity of 0.1°K. The spin states associated 
with resonances in gadolinium were studied by observing the interaction of 
polarized resonance neutrons with a polarized target. The resonances in 
Gd" at 2.10 ev and 2.57 ev were found to have different spin states in spite 
of their similar radiation widths. In view of the small magnetic moments of 
the gadolinium isotopes, the size of the effects observed indicated strong 
hyperfine coupling, with an effective field at the nucleus of about 1.4 X 10° oe. 
The direction of the field relative to the bulk magnetization direction has 
not been established, but within available information it is negative. This 
would make J=1 for the 2.01-ev level and J =2 for the 2.57-ev level. Data 
taken at 0.09 ev indicate that the 0.031-ev resonance in Gd'*’, which pre- 
dominates, has the same spin state as the 2.01-ev resonance in Gd'®, 

Nuclear orientation in antiferromagnetic single crystals has been in- 
vestigated at some length by Daniels and co-workers (50). The idea here is 
that the antiferromagnetic interaction would orient the electron spins 
parallel to the magnetic sublattice axis and that at lower temperatures, the 
nuclei would orient parallel to this axis also. Nuclear orientation has been 
observed through an anisotropy of gamma-ray emission from Mn and Co 
in the following salts: MnCl,-4H.O; MnBr.-4H.0O; CoCl,-6H:20; 
Co(N H,4)2(SO4)2°6H20; and MnSiF.-6H;20. Single crystals of each of these 
salts were placed in contact with CrK(SO,)2-12H.O where the latter served 
as a magnetic cooling substance to lower the temperature of the composite 
to about 0.05 K. As nuclear orientation experiments have been previously 
performed with Mn* and Co, the information gained primarily concerned 
relaxation times and the orientation of the magnetic sublattices. This work 
constitutes one of the few investigations of dense antiferromagnetic ma- 
terials below 1°K. 


NUCLEAR ORIENTATION THROUGH HYPERFINE STRUCTURE COUPLING 
IN DILUTE PARAMAGNETIC SALTS 


There are a number of paramagnetic salts (8, 9, 10, 38) suitable for 
magnetic cooling in which the nuclei to be oriented may be directly in- 
corporated. Since the electron spin system responsible for the magnetic cool- 
ing and the nuclear spin system to be oriented are now within the same 
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lattice, heat transfer may be quite rapid between the two. Thus, whereas 
it has been possible at best to cool a nuclear sample to about 0.01°K in 
“brute force’’-type experiments, it is relatively easy to orient nuclei at 0.01° 
to 0.02°K by the present method, and temperatures near 0.003°K may some- 
times be approached. In the Hamiltonian 3C Equation 2, nuclear orientation 
may arise from electric quadrupole coupling [Pound alignment (51)], from 
magnetic hyperfine structure coupling if A #B [Bleaney alignment (52)], 
and from magnetic hyperfine structure coupling plus an externally applied 
magnetic field [Rose-Gorter polarization (53, 54)]. For the Pound- and 
Bleaney-type alignments it is virtually essential and for the Rose-Gorter 
polarization it is desirable that all of the nuclei being oriented should be at 
crystallographically equivalent sites, i.e., that the same 3, Equation 2, with 
equivalent principal axes should apply at all of the sites. 

The method of this section is thus far the one most widely used in 
nuclear orientation studies. Because A/k, B/k, or P/k may sometimes be 
large relative to 0.01°K, the nuclear orientation may then approach satura- 
tion. When the lowest possible temperature near 0.003°K is required or if 
the nuclei are to be polarized, the best host cooling substance is the versatile 
salt CesMg3(NOs);2°24H,O. Rare-earth nuclei may be oriented by substitut- 
ing some of the desired isotope for a portion of the cerium. Nuclei of the first 
transition series elements may be oriented by substituting some of the latter 
for a portion of the magnesium. Here the Cet*** ion is the cooling agent; 
this ion has a highly anisotropic g factor and may be cooled magnetically 
by rotating the direction of an applied magnetic field from the axis of large 
g to that of small g (33). By thus cooling the salt in a strong field a Rose- 
Gorter polarization may be produced. If the magnetic field is removed, a 
Bleaney-type alignment may result. These procedures work well for the rare 
earths since all of the Ce*** (or other rare-earth) sites are equivalent. There 
are, however, two nonequivalent sites for the Mg** ion (or a first transition- 
series element), and this leads to some difficulty in interpreting data taken at 
small magnetic fields. For large fields where one has a Rose-Gorter polari- 
zation, experiments can apparently be adequately interpreted. 

If a Bleaney-type alignment is desired, the ethylsulfate is a suitable salt 
for the rare-earth metals (8, 9, 10), and a mixed fluosilicate of nickel and 
zinc works well for the first transition series (55, 56). Both of these salt 
series are uniaxial with all of the metal sites crystallographically equivalent. 
Temperatures near 0.01° to 0.02°K may be obtained with the latter two salts. 

Although there are many possible applications of the above methods, it 
is still unfortunately true that they are limited to only a small portion of the 
periodic table. Even in cases where nuclei may be oriented by these methods, 
a large radioactive heating rate may make experimental working times at 
the lowest temperatures unacceptably short. Another somewhat difficult 
problem arises when the specific heat due to the hyperfine structure coupling 
terms in 3C, Equation 2, of the nuclear spin system to be oriented is com- 
parable to the cooling capacity of the coolant electron spin system. In these 
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latter circumstances a measurement using magnetically dilute salts may 
sometimes be possible by resort to the indirect cooling methods described 
in Sections on the Brute Force Method of Polarization and on Orientation 
of Nuclei Included in Ferromagnetic or Antiferromagnetic Materials (57). 

In the remainder of this section we present examples typical of recent 
work along the above lines. 

Parity nonconservation.—Perhaps the most useful application of nuclear 
orientation methods to date has been in the famous experiments first demon- 
strating the nonconservation of parity. This earlier work, principally by 
Wu, Ambler, Hayward, Hoppes, and Hudson, has been reviewed definitively 
by Ambler (6). More recently a refined study of the angular distribution of 
beta particles from cerium-141 nuclei has been made by Hoppes, Hayward 
& Ambler at the National Bureau of Standards (58, 59). 

According to the present theory of the beta interaction, the investigation 
of the angular distribution of beta particles with respect to the nuclear spin 
direction W(@)= > ndnfnPn(cos 6) provides information on the nuclear 
matrix elements involved in the first forbidden decay. Theoretical discus- 
sions by Morita & Morita (59a) and others provide the basis for an analysis of 
the experimental results. The various terms of the angular distribution func- 
tion depend in general on complicated combinations of the six possible re- 
duced nuclear matrix elements which are of the next higher order than that 
“‘allowed”’ in the beta interaction. The first two matrix elements result from 
operators of tensor rank zero, the next three from operators of rank one, and 
the final from one of rank two. In contrast to the allowed case, all demand 
a change of parity of the nuclear states, a circumstance often found in the 
rare-earth region. A considerable simplification results if approximations are 
made. The ‘‘é”’ approximation, recently discussed by Kotani (59b), should ap- 
ply to cerium 141. Within the framework of this approximation, the coefficient 
a, can be expressed by considering operators of the same tensor rank as a 
group; thus higher orders must be used to distinguish the individual matrix 
elements. In the coefficient a2 only the matrix elements M(r), M(é Xr), and 
M(B;;) appear, so that a measurement of the beta anisotropy from aligned 
nuclei gives direct information on this particular combination. 

The nuclide cerium 141 provides an interesting subject for such investi- 
gations. The decay scheme 
Bs 5 
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has been established, while a known Ce™! ground-state magnetic moment 
and established spin-Hamiltonian constants permit a calculation of the ori- 
entation parameters for a crystal of Ce'!-neodymium ethylsulfate. The 70 
per cent AJ=0, 6; branch can involve all six matrix elements, while the 
AJ =1, 82 branch will depend only on those of tensor rank one or two. The 
gamma-ray anisotropy provides a measure of the effective temperature of 
the crystalline surface layer in which the source is incorporated. 














NUCLEAR ORIENTATION 197 


The experimental apparatus is much the same as that used in studies on 
the nature of the beta interaction (6). A large single crystal of neodymium 
ethylsulfate is mounted with the c axis vertical in the demagnetization ap- 
paratus. An anthracene scintillator located vertically above the thin disk of 
activity grown on the uppermost surface of the crystal provides the input to 
a 100-channel analyzer for analysis of the beta spectrum. To separate the dis- 
tribution for the 438-kev inner beta branch from that for the 580-kev ground- 
state transition, three 2” 2” Nal equatorial gamma counters are used to 
measure coincidences by means of a fast-slow coincidence system. A 2” X2”" 
polar counter also monitors the gamma-ray distribution. 

The polarization measurements are made by applying a vertical magnetic 
field of 200 oe, having cooled the sample by demagnetization from a hori- 
zontal field of 23 koe at 0.9°K. According to unpublished measurements by 
Hudson & Kaeser, the bulk of the crystal should attain a temperature of 
about 0.03°K under these circumstances. Depending on the direction of the 
magnetic field, the beta detector takes a sampling of the electrons emitted 
at an angle of about 0° to 180° with respect to the nuclear spin direction. 
Counting was continued for alternate polarizing field directions for periods 
up to one hour, during which time the uncorrected up-down asymmetry at 
the high end of the beta spectrum remained larger than 0.21. Since the nor- 
malization for the gamma-ray anisotropy depended on a reliable ‘‘warm”’ 
count, the sample was raised to the helium bath temperature after this 
period of time. 

The alignment runs were made under similar conditions. The uncorrected 
value for the fractional change in the polar high-energy beta counting rate 
upon demagnetizing was about 0.07, indicating that this a2f,P:-term con- 
tribution would be a small correction to the a;f,P; term at the higher tem- 
peratures of the polarization experiments. 

The energy and angular distributions of beta particles from oriented 
Cel! allow one, in principle, to determine the relative values of the four 
contributing first-forbidden (real) nuclear matrix elements. In practice, how- 
ever, the insensitiveness of the energy dependence allows a determination of 
the relative values only after one ratio has been fixed by theory. By taking 
into account all possible shell-model configurations for Ce! and praseo- 
dymium 141, one finds that two ratios can be fixed uniquely and independ- 
ently of any details of the radial wave functions. This method of analysis 
yields the ratios M(ir)/M(éXr)=—-1, M(iBj;)/M(éXr)=—-1.9, and 
M(a@)/M (éXr*)=—37+1.5. These values are based on the use of lepton 
wave functions expanded in powers of aZ/(2R). 

Nuclear alignment of iodine 131 by electric quadrupole coupling—The 
coupling between the nuclear electric quadrupole moment and the local 
electric field gradient in a crystal should produce appreciable nuclear align- 
ment at very low temperatures (~0.01°K) (51). To determine whether pure 
quadrupole relaxation times in nonmagnetic atoms in crystals become very 
long at temperatures of the order of 0.01°K, an experiment was made by 
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Johnson, Schooley, Shirley & Rasmussen (60) using a single crystal of copper 
p-iodobenzenesulfonate containing a few microcuries of iodine 131. In this 
crystal all the carbon-iodine bonds lie at a small angle from the a axis, which 
is thus nearly the axis of alignment. Preliminary experiments demonstrated 
that adiabatic demagnetization of this salt from 18 koe and 1.1°K resulted 
in its cooling to about 0.03°K. A crystal containing I'*! was cooled by adi- 
abatic demagnetization, and the intensities of the two most prominent 
gamma rays in the radioactive decay were measured at several temperatures 
as a function of the angle @ between the direction of emission and the a axis. 
The results could be fitted to W(@) =1+ (0.0007 +0.0001)P2 (cos 0)/7* for 
the 364-kev gamma ray and to the expression W(@) = 1— (0.0013 +0.0003) 
P,(cos 6)/T* for the 637-kev gamma ray. Thus the iodine nuclei have been 
aligned, and the nuclear spin-lattice relaxation time must be shorter than 
a few seconds down to 0.03°K. The 637-kev gamma ray is believed to 
be pure £2, and the magnitude of its anisotropy gave the spin of the 637-kev 
state in xenon 131 as 5/2. This gave a value of —950+190 mc for the 
quadrupole coupling parameter eQgq/h which is consistent with the results 
of quadrupole resonance measurements on stable iodine. The anisotropy 
of the 364-kev gamma ray yields the multipolarity assignment 97.8 per 
cent £2, 2.2 per cent M1 for this gamma ray. 

Beta and gamma emission from oriented holmium 166(m).—Experiments 
on the anisotropy and linear polarization of gamma rays emitted from 
aligned Ho'™ nuclei incorporated in a single crystal of neodymium ethyl- 
sulfate have been carried out by Postma, Huiskamp, Miedema, and 
Eversdijk Smulders (61, 62). At the lowest temperatures obtained, 
T =0.025°K, the orientation is nearly complete. The hyperfine structure 
splitting of the ground state (non-Kramers doublet), neglecting small terms, 
is given by the spin Hamiltonian: 

KC = giBH.S, + AS. + A,S,+ ASA, 14. 


where 
A/k = (Az? + A,?)'/2/k = 0.09°K 


Thus, A is very large. Neglecting A and assuming a spin of Ho!™ J, =6, it 
was calculated from the temperature-dependence of the gamma anisotropy 
that A/k=0.27+0.03°K and that u,=3.2+0.5 nm. The 817- and 706-kev 
radiations are M1+£2 and E£1 transitions, respectively. The final state 
of the main beta decay was assigned as 6~. Observed reduction of orienta- 
tion of this 6~ state in Er’ relative to the initial concentration of the 
Ho!™ due to beta decay is simply understood by a beta transition with 
AI=0 proceeding only by matrix elements with J =1. 

The directional distribution of beta particles emitted from oriented 
nuclei of spin J) may generally be expressed by 


WFO) = Sqn) \1 + % Bul fell) /fm (Ze) Pa(cose) | 15. 
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where S, is the shape factor of the 8 spectrum and fim(Jo) are the values of 
the orientation parameters for complete orientation (5). The parameters 
B, depend on nuclear matrix elements. It is found that for allowed decays 
k=1 and for once-forbidden decays k=1, 2, 3. 

Measurements were performed on the beta emission from polarized and 
aligned Ho'™ nuclei incorporated in thin layers of single crystals of neo- 
dymium ethylsulfate. For the upper half of the beta spectrum an asymmetry 
a@=(WTt-W1\)/(Wt+W |)=—0.14+0.03 fiv/c was measured, where 
W t and W | are intensities of beta emission parallel and antiparallel to the 
polarizing field. A positive nuclear magnetic moment is assumed; i.e., the 
nuclear spin is parallel to the magnetic field. Measurements showed that the 
beta emission from aligned holmium-166 nuclei is isotropic within 4 per cent. 
From this it was concluded that | B,|- <0.07. The measurements on the beta 
emission are easily understood, postulating a beta decay with AJ=0, pro- 
ceeding only by matrix elements with J=1. Thus one has Jo =J’=6, where 
I’ is the spin of erbium 166. When AJ =0, B; is usually zero and @=B,f, (Jo), 
where B, = —(1/7)v/c. An assignment 7+ for Ho'™ necessitates a mixing of 
matrix elements; 7~ and 8* are definitely rejected by experiment, while 6* 
is rejected on the basis of the decay scheme. It seems that a 6~ assignment 
is most likely, but 7* cannot be rejected completely. 

Nuclear alignment of promethium isotopes—Nuclear orientation studies 
of promethium isotopes have been made recently by Grace et al. for Pm"™® 
and Pm" (63), and by Shirley and co-workers for Pm™ (64). Paramagnetic 
resonance had been looked for in the case of long-lived Pm'’ but none was 
observed. This lack was attributed to the smallness of the ionic g factor. 
Thus the information presently available about the spin Hamiltonian comes 
predominantly from nuclear alignment work. 

In the studies by Grace and co-workers (63) the nuclei were aligned both 
in the ethylsulfate and in cerium magnesium nitrate lattices. In the course 
of this work, the decay scheme of Pm"® was also further investigated, with 
results indicating that the spin of this isotope must be 5/2*, 7/2*, or 9/2t, 
with 7/2*+ most probable. A single 285-kev gamma ray was observed. In the 
alignment studies using the double nitrate, about 5 wc of Pm"™® were grown 
into a 4-g single crystal and this crystal was cooled by the magnetic 
cooling procedure to a temperature near 0.003°K. At the lowest temperatures 
an anisotropy of the 285-kev gamma [ W(4/2) — W(0)]/W(ar/2) = +0.096 
+0.005 was observed. In the similar experiment in which the Pm™® was 
grown into neodymium ethylsulfate as the cooling agent, a small anisotropy 
of the opposite sign was observed. At the lowest temperature of 0.018°K 
this was —0.057 + 0.005 for the 285-kev gamma ray. 

It seems probable that the alignment in the ethylsulfate is “‘axial.”” The 
negative sign of the anisotropy of the Pm™*® gamma radiation in this lattice 
indicates that the transition cannot be pure E2 of the 3/2-47/2 or 11/2-47/2 
type since both would produce positive anisotropies when aligned axially. 
This leaves 5/2 or 7/2 or 9/2-+7/2 as possible transitions and each of these 
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three will, in general, contain M1 radiation. Since the daughter nucleus 
samarium 149 with 87 neutrons lies below the region of strongly deformed 
nuclei, it is to be expected that the E2 enhancement will be weak and hence 
the transition will be largely M1. 

This expectation is supported by two experimental observations. First, 
the K/L conversion ratio of 8+2.5 measured by Rutledge et al. is consistent 
with the transition’s being largely M1. The theoretical value is 8.2 for a 
pure M1 and 5.0 for a pure £2 transition. Second, no Coulomb excitation of 
this level of Sm™® could be detected by Heydenburg and Temmer. This 
absence shows that the partial £2 half life must be greater than about 10~° 
sec. The single-particle value is 3X 10~° sec, in accord with the expected lack 
of E2 enhancement. The single-particle model predicts a value for the M1 
half life of 10~!2 sec which implies that the E2 constituent is less than 107% 
and the dominant part of the transitition must be M1. 

The angular distribution may be expressed as W(@) = 1+ U2F2G2P2(cos 6) 
where U2 and F; are coupling coefficients for the beta-ray and gamma-ray 
transitions. The largest observed gamma-ray anisotropy (+0.093 for the 
double nitrate) combined with the maximum possible value for | Go| sets a 
lower limit to the quantity U2F:. Since F, is rather sensitive to 6, the E2/M1 
amplitude mixing ratio, it was possible to set some limits on 6. If the gamma 
ray is emitted in a transition between states both of spin 7/2, then 6 must 
be less than —0.6. This large E2 admixture (at least 25 per cent) is in- 
compatible with a predominantly M1 transition, and hence it was con- 
cluded that the 285-kev state could not be of spin 7/2. For a 5/2 to 7/2 
transition, 6 must be greater than —0.05 and, for a 9/2 to 7/2 transition, 6 
must be less than +0.13. Both are consistent with a largely M1 transition. 
It was not possible to distinguish between these choices. The best fit to the 
data was obtained by taking the spin of Pm"® to be 7/2. This corresponds 
to a6 of —0.04 if the transition is 5/2 to 7/2 and +0.12 if it is 9/2 to 7/2. 
These experiments thus limit the spin of the 285-kev state to 5/2 or 9/2. 

The difference in signs of the gamma-ray anisotropies for the two lattices 
shows that in one case the alignment must be “‘axial’’ and in the other 
‘“‘planar.’’ It is probable that the lowest state in the ethylsulfate is a doublet 
with a reasonably large value for A (See Eq. 2). Since the electric quadrupole 
hyperfine structure is predicted to be small with P about 3 X10~* cm“, pro- 
methium must be aligned in an ‘‘axial’’ sense in the ethylsulfate. Hence the 
double nitrate must produce the “planar alignment.” Since the low-lying 
doublet in the double nitrate must have B=0 and should have a large A, 
it was concluded that the singlet must lie lowest and that the hyperfine 
structure is quadrupole-like. Assuming that the ‘pseudo-quadrupole”’ 
effect is responsible for the hyperfine structure in the double-nitrate lattice 
and that g, is about 1, a value for E, the singlet-doublet energy separation 
for Pm***, was obtained, showing E to be about 1 cm™. 

Nuclear orientation of manganese isotopes—Experiments by several 
groups have shown that manganese isotopes incorporated in the lattice of 
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paramagnetic cooling salts can be oriented. This technique (Rose-Gorter 
method) was used to produce nuclear polarization of Mn* by Grace and co- 
workers (65), of 5.7-day Mn*® by Huiskamp and collaborators (66), and of 
the relatively short-lived 2.6 hr Mn® by Bauer & Deutsch (67); all used 
cerium magnesium nitrate with an external field of several hundred oersteds. 
Recently Dagley et al. (68) worked with nickel fluosilicate to align Mn® 
using the internal crystalline field to produce nuclear orientation (Bleaney 
method). 

Quite recently this work has been extended by Bauer et al. to Mn*™ by 
the magnetic hyperfine structure orientation method. Further work on Mn™ 
was also done (69). In these studies the manganese isotopes were incorpo- 
rated either in the lattice of cerium magnesium nitrate or that of nickel 
fluosilicate. Since the short lifetime of Mn*™ (21 min) made it impractical 
to incorporate it directly into the coolant crystals, the fact that this nuclide 
can be derived by radioactive decay from an 8-hr parent, Fe, was used. 
The Fe* was incorporated in the cooling salt. The measurement of the 
angular distribution of the gamma rays from Mn* indicated its spin to be 
3 or 2; in the latter case, the beta decay must be predominantly of the 
Fermi type with an upper limit of 10 per cent of a possible Gamow-Teller 
admixture. From a simultaneous measurement of the angular distribution 
of the gamma rays from Mn* and 5.7-day Mn™, the ratio of the nuclear g 
values of the two isotopes was found, which gave a magnetic moment for 
Mn® of 2.55+0.21 nm (for spin 3) or 2.16+0.26 nm (for spin 2). The circu- 
lar polarization measurements of the gamma rays from Mn* determine this 
moment to be positive. Similar angular distribution experiments on Mn®™, 
assuming spin 2, yielded a magnetic moment of 1.04+0.16 nm if the beta 
decay is predominantly a Gamow-Teller transition, or 0.72 +0.16 nm if itisa 
pure Fermi transition. These results indicate that the nuclear g values of the 
21-min and the 5.7-day states of Mn™ are about the same. 

Nuclear orientation experiments with uranium and neptunium isotopes.— 
In 1953 Hill e¢ al. suggested that the spheroidal shape found for many of 
the heavy nuclei should have a marked effect on the character of alpha- 
particle emission (70). For example, they pointed out that for a nucleus with 
a positive quadrupole moment, the barrier against alpha emission should be 
weaker in the polar region of the nuclear surface and that, correspondingly, 
there may be preferred alpha emission along the nuclear symmetry aixis. For 
an odd-mass nucleus of positive quadrupole moment in its ground state, one 
may expect the angular momentum vector to be along the symmetry axis 
also. Thus it is predicted that the preferred alpha emission should be along 
the nuclear angular momentum vector. It was suggested by Bohr in 1955 
that the spheroidal deformation of heavy nuclei should also have a marked 
effect on the character of the nuclear fission process (71). For example, for a 
nucleus of positive quadrupole moment undergoing thermal-neutron fission, 
it was proposed that fragment emission would be predominantly perpendicu- 
lar to the nuclear angular momentum vector. 
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The mechanism of the above example may be understood as follows. It 
was assumed that the most probable fission process would be the mode which 
had the maximum energy in the specific nuclear motion leading to fission, 
and thus the mode which had the minimum energy in other aspects of the 
nuclear motion required to conserve angular momentum and parity. Gen- 
erally speaking, the type of nuclear motion requiring the least energy for a 
given amount of angular momentum is a state which is entirely or predomi- 
nantly rotational in character. For such a rotational state, the symmetry 
axis is approximately perpendicular to the angular momentum vector. Then, 
assuming that fission occurs from a rotational state and that the fragments 
are emitted along this symmetry axis, the fragment intensity would be 
greatest perpendicular to the angular momentum vector. In terms of the sym- 
metric top wave function of the Bohr model, Dyx’, this picture implies that 
fission predominantly occurs from states with K equal to or near zero. 

From the above discussion it appears that if one orients spatially the 
angular momentum vector of a system of nuclei such as uranium, for example, 
one should expect alpha emission predominantly along this vector and 
fission-fragment emission predominantly perpendicular to it. Obviously, one 
should also expect alpha emission and fission to be predominantly perpen- 
dicular to each other. Bleaney- and Pound-type nuclear orientation experi- 
ments of the above type have been performed with U**%, U**, and Np” 
nuclei (72 to 75). The actinide elements are particularly favorable for 
Bleaney and Pound nuclear orientation procedures. The expectation value 
of r~* for the valence electrons of these high-Z elements tends to be quite 
large. Since the nuclear quadrupole moments and the magnetic moments 
especially of the odd proton nuclei are also quite large (76), the hyperfine 
structure couplings in some of the actinide compounds are among the largest 
that have been observed. This makes nuclear orientation experiments with 
certain of these elements possible at easily attainable temperatures. 

The chemical compounds which have been used for actinide nuclear 
orientation work are of a type unique to the elements U, Np, Pu, and Am, 
i.e., those containing the linear MO,** group. For UO,** and NpO,*, use- 
fully large quadrupole couplings (9, 77) have been observed; and for NpO,** 
and PuO,;*", similarly large magnetic couplings have also been measured. 
The electric coupling in UO,** or PuO,** and the electric and magnetic 
couplings for AmO,** have not been measured thus far, but these also may 
be expected to be conveniently large for nuclear orientation studies. The 
rhombohedral compound MO,Rb(NOs)3, in which all of the MO,** groups 
are crystallographically equivalent and parallel to the crystalline c axis, has 
been found particularly suitable for nuclear orientation work. In this com- 
pound the effective spin Hamiltonian is generally of the form given in Equa- 
tion 2. Table I lists the available information about the coupling constants. 
Using these parameters, it may be seen that the over-all splitting of the 
hyperfine structure multiplet for NpO,**, for example, is of the order of 
0.65°K, and thus an appreciable degree of nuclear orientation may be ex- 
pected near 1°K. 
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TABLE I 


CouPLING CONSTANTS OF THE EFFECTIVE SPIN HAMILTONIAN (EQ. 2) 
(for the MO,** group) 











A (cm-) |B] (cm=) P (cm) 
U%30,++ 0 0 ~0.03 (est.) 
U%50,++ 0 0 ~0.015 (est.) 
Np”70,*+ —0.16547 0.01782 +0.03015 
Pu*!O,++ 0 c 0609 — ou 





The first experiments (72, 73) on the emission of alpha particles from 
oriented nuclei were for neptunium-237 nuclei aligned in NpO2Rb(NOs)3. 
Early microwave results by Bleaney et al. demonstrated that A and P are 
of opposite sign. From theoretical considerations, these results gave A>0O, 
P <0 (77). Corresponding to this, the nuclear spin state of least energy in 
the hyperfine structure multiplet would be J,=J=5/2; i.e., at low tempera- 
tures, the nuclear angular momentum vector would tend to orient parallel 
to the crystalline c axis. The nuclear orientation results demonstrated, how- 
ever, that as the nuclei became oriented, the predominant alpha emission 
was perpendicular to this c axis and, if the above signs (77) of A and P are 
assumed, perpendicular to the nuclear angular momentum vector as well. 
Thus either the above signs of A and P or the predictions of the theory of 
alpha emission were in error. 

The absolute signs of the constants of the spin Hamiltonian have been 
determined experimentally only for a relatively small number of cases (9). 
With the NpO,** ion it proves possible to determine these signs from a 
nuclear orientation experiment (78, 79). Following the angular momentum 
formalism given by Rose (3), the angular distribution W(@) of alpha particles 
emitted by a system of oriented nuclei may be described by a specialization 
of Equation 1. 


W(6) = >> CrC(LL'v; 00)W (IILL’; vI")G,P,(cos 0) 16. 
LL 


with 
G, = >> (—)"C(I1v; m, —m)P(m) 17. 


where the Cyz’ are intensity parameters, C(LL’v; 00) and C(IIv; m, —m) 
are Clebsch-Gordan coefficients, W(IJLL’; vI’) is a Racah coefficient, and 
P,(cos @) is a Legendre polynomial. Here, J is the angular momentum of the 
nucleus before alpha emission with m as the projection quantum number on 
the axis of nuclear orientation; L and L’ are the angular momenta of the 
alpha-particle partial waves, and J’ is the angular momentum of the daughter 
nucleus. The quantity P(m) is the population of the mth substate; it is a 
function of 3C and the absolute temperature T. The angle @ is measured from 
the axis of nuclear orientation, the c axis for NpO.Rb(NOs)3. The summation 
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index v takes even values (parity conservation) between 0 and 2/. For Np” 
with J=5/2, v may take the values 0, 2, 4; but only the values 0 and 2 have 
been experimentally observed to be important. Expanding G2, Equation 15, 
in terms of 1/T and using the spin Hamiltonian of Equation 2 at zero mag- 
netic field, one obtains 











G = 1 (2I + 3)! |= Ce )s Saar 18 
> 9141 180(27 —2)!1t kT 42 kT? kT? 

and 
W (0) ~ 1 + b2F(T)Po(cos 8) 19. 


The point which should be emphasized is that A first enters W(@) as A? 
whereas P first enters linearly. Thus, depending on the sign of P, the mag- 
netic coupling will tend to reinforce or weaken the nuclear alignment pro- 
duced by the quadrupole coupling. Physically, the magnetic coupling always 
tends to orient the nuclei with J, =Z for either sign of A. If P <0, quadrupole 
coupling tends to orient the nuclei with J,=J also, and the electric and 
magnetic coupling terms reinforce each other. However, if P >0, the quad- 
rupole coupling tends to orient the nuclei in the J, = +} state which opposes 
the magnetic coupling effect. Near 1°K the nuclear alignment is predomi- 
nantly due to the quadrupole coupling (P term), but at lower temperatures 
near 0.2°K both electric and magnetic coupling terms are important and the 
above interference effect may be seen clearly. Thus the sign of P may be 
determined from the temperature-dependence of the coefficient of P:2 (cos @), 
Equations 16 to 19, in a nuclear orientation experiment. 

Figure 3 shows schematically the apparatus which was used for this ex- 
periment (78, 79). The alpha-emitting sample was prepared in the following 
way. A single crystal of UO.Rb(NOs)3; weighing 1.4 g was grown. An addi- 
tional layer of ~0.002 g of NpO.Rb(NOs;)3 was grown onto the surface of 
this base crystal. This sample was held in a ball-bearing mount contained in 
a copper enclosure which could be cooled to temperatures down to ~0.2°K 
by adiabatic demagnetization of a thermally attached mass of Mn(NH,)2 
(SO,4)2:6H:2O. The mass was so large (187 g) and the heat leaks to the sample 
so small that no appreciable temperature drifts were observable during the 
course of the experiments. Heat transfer from the neptunium sample to the 
copper enclosure was accomplished by the use of He* gas which still has an 
appreciable vapor pressure and heat conductivity at 0.2°K. The alpha 
particles were counted by a germanium surface barrier counter (80) which 
was found to function splendidly at these low temperatures. As is seen from 
Figure 3,'a small bar magnet was also attached to the ball-bearing sample 
mount; and through the agency of a small magnetic field applied from out- 
side the cryostat, it was possible to turn this bar magnet and thus the 
NpO.Rb(NOs)3 sample crystal axis relative to the germanium counter. Thus 
W(@), the intensity of alpha emission, could be measured as a function of 
6 and T down to ~0.2°K. 
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Fic. 3. Apparatus for the study of the angular distribution of alpha particles emitted 
from neptunium nuclei oriented at temperatures down to 0.2°K. 


The results of these measurements are shown in Figure 4 compared with 
the two theoretical curves for G2, Equation 17, one for A <0, P>0 and the 
other for A >0, P <0. It is clearly seen that A <0, P >0 is the correct result. 
There was no evidence for any appreciable amount of v=4, i.e., P4(cos 6). 
We note that the anisotropy of alpha emission at the lowest temperatures 
is quite large. It is seen that the alpha emission is enhanced at 0=90°, i.e., 
perpendicular to the ¢ axis by the nuclear orientation. That P is positive 
means in this temperature region the Np’ spins also tend to orient per- 
pendicular to the c axis; that is, J, tends toward +}. Thus the alpha particles 
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Fic. 4. Amplitude of measured alpha-particle anisotropy compared with the 
theoretical curves for A >0, P<0 and for A <0, P>O (Eq. 2). 
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are emitted predominantly along the nuclear angular momentum vector in 
agreement with the predictions of nuclear theory. 

This experiment does not determine the sign of the nuclear quadrupole 
moment. In the early work of Bleaney (77, 81) the theoretical result P <0 
was obtained through the assumption, in agreement with the expectations 
of nuclear systematics (76), that the quadrupole moment of Np*’ is positive 
and that the electron charge cloud of the covalent bond in NpO,** is also 
“cigar’’ shaped (81). Here the lowest-energy state would indeed be with 
the major axis of the nucleus parallel to the major axis of the NpO,** bond, 
i.e., P <0. The experimental result P >O0 means that either Np?*’ has a nega- 
tive quadrupole moment or that the NpO,** bonding charge distribution is 
“toroidally”’ shaped. Either conclusion is unexpected. 

In a recent paper, Pryce revised earlier calculations of A and P, and 
these recent theoretical results give A <0, P >0 in agreement with the meas- 
urements (82). He retains the picture that the NpO,** bonding charge dis- 
tribution is essentially “cigar” shaped and correspondingly suggests that the 
quadrupole moment of Np**’ is negative. Shell-model expectations would 
predict a positive value for Q for Np**’. 

The character of the angular distribution of alpha emission from uranium 
233 and 235 oriented in UO.Rb(NOs)3 is similar to the above result for 
Np?*’. As the temperature is lowered, alpha emission is enhanced perpen- 
dicular to the crystalline c axis. Here the sign of the nuclear quadrupole 
moment of each nucleus is given from spectroscopic studies as positive (76), 
but the sign of the quadrupole coupling constant P has not been determined. 
If alpha emission here is predominantly along the nuclear angular momentum 
vector as with Np?*’, the results would require P >0. However, for P to be 
positive, the UO;** bonding charge distribution would again have to be 
characterized by a “‘toroid’’ rather than a “‘cigar’’ shape, as seen from the 
nucleus. 

Because U** is an even-even nucleus with J equal to zero, no nu- 
clear alignment can occur. The alpha-particle angular distribution for 
U**4O.Rb(NOs)3 should be isotropic and temperature independent; this ex- 
pectation was confirmed experimentally. 

A preliminary study (75) has been made of the thermal-neutron fission of 
oriented uranium nuclei. In these experiments, a base crystal of UO2Rb(NOs)s 
(normal uranium) coated with a thin layer of either the U?* or U?** salt was 
mounted in a cryostat that could be cooled to ~1°K. The cryostat was 
mounted at the Oak Ridge National Laboratory graphite reactor so that the 
above crystal could be irradiated with a neutron beam. Germanium solid 
state counters were used to count the fission fragments in these studies. The 
counter was thermally isolated from the sample crystal and operated at 
liquid nitrogen temperatures while the sample could be held at temperatures 
down to ~1°K. As with the Np**? alpha experiment described above, it was 
possible to rotate the sample crystalline ¢ axis relative to the counter. The 
experiment consisted of measuring the emission rate of alpha particles and 
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Fic. 5. Anisotropy of thermal-neutron fission and of alpha-particle 
emission from aligned uranium-233 nuclei. 


of the fragments from thermal-neutron fission both parallel, W(0), and per- 
pendicular, W(m/2), to the c axis. The results of these experiments are 
plotted as W(0)/W(m/2) versus 1/T in Figure 5 for U*** and in Figure 6 
for U%, 

For U2, it was found that the fission-fragment emission remained iso- 
tropic as the temperature was decreased and thus was independent of the 
nuclear orientation. A small anisotropy of fission fragment emission was 
found for U?*, however, and it is interesting to note that this anisotropy is of 
opposite sign to that observed for the U** alpha emission. This is in qualita- 
tive agreement with the idea presented above that the predominant intensi- 
ties of alpha emission and of fission should tend to be perpendicular to one 
another (70, 71). 

A quantitative formulation (83) of the Bohr picture (71) for the thermal 
fission of oriented nuclei has been given. The expression for the angular dis- 
tribution of fission fragments W(@) is 


W) = > (-)H-—C(IIy; K, —K)W(jIjI; 1/20)G,P,(cos 8) 20. 


In this expression j is the spin of the target nucleus, J is the total angular 
momentum of the compound state after s-wave neutron capture, and K is 
the projection of J on the nuclear symmetry axis; G, is the nuclear alignment 
parameter associated with the target nucleus, the same G, given by Equation 
16. The C and W are Clebsch-Gordan and Racah coefficients, respectively, 
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Fic. 6. Anisotropy of thermal-neutron fission and of alpha-particle 
emission from aligned uranium-235 nuclei. 


and P, is a Legendre polynomial. In this picture the fission channel is char- 
acterized by J and K. The nuclear alignment is brought about here through 
electric quadrupole coupling with 3 = P[J,?—I(I+1)/3]. 

For U8*, 7=5/2*, and to terms in P2(cos 8), one obtains 


4 P 

W(6) = 1 — — (3K? — 6) —~ P;(cos 8) for J = 2+ 21a. 
9 kT 
1 P 

W (6) =1- 3 (3K? —_ 12) pr F3kers) for J = 3+ 21b. 


For U2, 7=7/2-, 
W(@) =1 : (3K2 — 12) s P2(cos @) for J = 3- 22 
= = ap P2kcos or] = a. 
1 P 
W (6) = 1 — — (3K? — 20) —~ P;(cos 6) for = 4- 22b. 
4 kT 
The essence of Bohr’s suggestion that the fission state should be pre- 


dominantly rotational in character is expressed here by a zero or small K 
value. For U**, Equation 21 predicts a large anisotropy for K =0 or 1, where- 








210 ROBERTS AND DABBS 


as the experiments give an anisotropy quite close to zero. Within this picture 
of the fission process, a small anisotropy could come from the channel J =3*, 
K=2. Except for this possibility, it seems clear that more than one channel 
would be involved and that the channels of smallest possible K, in any case, 
do not strongly predominate. For U**, the observed anisotropy of fission is 
positive, i.e., W(0)/W(m/2) >1. This result seems to correspond to the lower 
XK values under the assumption of a positive value for P, but again it seems 
clear from the rather small size of [W(0)/W(x/2)—1] even at the lowest 
temperature that the lowest K value is not the only K value involved. These 
results, then, support the current view that several channels are of impor- 
tance in the fission process (85). The assumption P <0 would reverse the 
predicted anisotropies and, thus, require a predominance of the K&J 
channels. This seems unlikely in view of Bohr’s idea that the most probable 
fission modes corespond to the lower K values. 

The magnitude of the anisotropy of alpha emission in the above experi- 
ments enables one to estimate the value of | P| as ~0.03 cm™ for U2*, If it 
were assumed that the bonding in UO,** should be predominantly ionic, 
the value for <| r-3| > for two negative charges on each oxygen would be 
~4/(1.6)* X10* or ~10% cm—*. The bond length is ~1.6 A. This < | r-3| > 
value is more than an order of magnitude too small to account for the above 
value of P assuming a nuclear quadrupole moment of ~10 b. This demon- 
strates conclusively that P arises from an anisotropic charge configuration 
on the uranium. 

The above discussion has shown that P >0 is required if the a emission 
and fission results are to be consistent with the expectations of nuclear 
theory. Since U?** and U?*> have positive quadrupole moments, P>0 re- 
quires that 


<| P2(cos 6)/r?| > <0 


for the MO,** bonding charge distribution. Because of the chemical behavior 
and especially the quite short bond length of ~1.6 A, one concludes that the 
UO;** bond is strongly covalent. This is consistent with the earlier obser- 
vation as to the magnitude of P. For a strongly covalent UO,** bond one 
would normally expect that all of the available charge would be in o states 
(81, 82) to maximize the overlap integral of the uranium wave functions 
with those of the oxygen atoms. If one has P>0, this cannot be the case. 

The quadrupole coupling which may arise from all of the possible con- 
figurations on the uranium has been estimated (84), using 5f, 6d, 7s, and 7p 
relativistic, Hartree wave functions for Ut which have been calculated 
using an IBM-704 code prepared by S. Cohen. On the basis of these calcu- 
lations P >O may be understood if one assumes that the UO,** or NpO,** 
bond has a substantial contribution of P-w character. 
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SHIELDING OF HIGH-ENERGY ACCELERATORS'* 


By S. J. LINDENBAUM 
Brookhaven National Laboratory, Upton, Long Island, New York 


INTRODUCTION 


Background.—At the beginning of the last decade (1950) the shielding of 
a high-energy accelerator was quite often considered as an afterthought or 
last-minute addition to the early experimental-program requirements. The 
rapid increase of beam energies, machine sizes, and beam intensities, 
coupled with the severe lowering of both biologic radiation tolerances and 
what are considered acceptable experimental background fluxes, have all 
contributed to the rapid growth of the magnitude of the shielding problems 
encountered. With several high-energy accelerators for which adequate 
original shielding designs were not made, the required additions have been 
found expensive, time consuming, inconvenient, and not necessarily satis- 
factory. 

It is now generally realized that the shielding design must be considered 
as a very important and expensive part of the original design because the 
usefulness, quality, and intensity of the particle beams obtained from an ac- 
celerator are considerably affected by the details of the shield. Furthermore, 
foundation requirements and the usefulness of the arrangement of an experi- 
mental area are greatly affected by the particular choice of a shield design. 

Although shielding design has not yet reached the simple handbook 
formula stage, it is nevertheless possible to make reasonably precise designs in 
many instances and to allow for an adequate range of designs in many other 
cases. 

Biological requirements and shielding—The general biological require- 
ments of shielding have been extensively discussed in previous articles by 
Moyer (1) and by Rossi (2). However, the basic radiation concepts required 
for shielding design will be briefly treated here. The biologic exposure to 
radiation is believed, on the basis of many investigations, to be best ex- 
pressed as a product of the ionization loss per gram of exposed tissue multi- 
plied by the relative biologic effectiveness (RBE) of the particular radiation 
sample. The unit generally used for measuring exposure of tissue to ionizing 
radiation is the rad, which is that exposure to ionization which leads to an 
absorption of 100 ergs/g of tissue or equivalently 6105 Mev/g of tissue. 
The relative biological effectiveness of a particular type of radiation is de- 
fined relative to X-ray, gamma radiation, or beta radiation, all of which by 
definition are assumed to have an RBE of 1. The biologic exposure (product 


1 The survey of literature pertaining to this review was concluded in January 1960. 

2 Among the abbreviations used in this chapter are: AGS (alternating-gradient 
synchrotron); CERN (European Council for Nuclear Research); FM (frequency- 
modulated); and RBE (relative biological effectiveness). 
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Fic. 1. Correlation of relative biological effectiveness with linear energy 
transfer from Rossi (2). 


of ionization loss and RBE) is sometimes expressed in terms of a unit called 
the rem (roentgen equivalent in man; 1 rem=1 rad X RBE). 

The most fundamental definition of RBE for a particular type of radia- 
tion (e.g. R radiation) would be to select a particular radiation effect and 
then experimentally determine the dose of X or gamma radiation and the 
dose of R radiation which produced the same effect. The ratio of the first to 
the second quantity would then give the RBE of the R radiation for the par- 
ticular effect desired. Of course, for another effect there might well be another 
RBE. The results of many experiments have shown that RBE is always 
greater than or equal to 1 and that there is an almost unique relationship 
between RBE and the density of ionization loss such that the minimum or 
near-minimum ionizing particles have an RBE of 1 and such that, as the 
energy loss per unit length of an ionizing particle increases, the RBE also 
increases. Figure 1 shows (2) how the RBE varies with the linear energy 
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TABLE I 
RBE As A FUNCTION OF NEUTRON ENERGY* 











a energy, RBE 
ev 
Thermal 3 
0.0001 2 
0.005 2.5 
0.02 5 
0.1 8 
0.5 10 
1.0 10.5 
2.5 8 
5.0 7 
7.8 7 
10 6.5 








* Reprinted from Rossi (2, p. 152). 


transfer (LET) in kev/u of water. The minimum value of ionization is 
0.2 kev/u of water, and the RBE remains 1 from minimum ionization till a 
linear energy transfer of 3.5 kev/u of water. The curve then rises to a value 
of approximately 20 at 175 kev/y of water which represents the maximum 
linear energy transfer of the alpha particle. 

The most common secondary radiation component from a high-energy 
accelerator with an RBE of >1 is the neutron (see Table I). The average 
RBE of neutrons approaches 10 in the energy region of a few Mev, which is 
an important component of the secondary radiation in many high-energy 
accelerators. One should keep in mind that the high-energy particles (charged 
as well as neutral) which interact with nuclei by the strong-interaction 
nuclear cross section can make stars, etc., and that incomplete data have 
been gathered on their relative biological effectiveness. Furthermore, 
charged secondary beams of low energy can deliver high doses to certain 
areas of the body if they have a well-defined range which ends in the interior 
of the body [see e.g. (1)] and thereby deliver a much higher dose to a portion 
of the body than one would measure, for example, with a standard tissue- 
equivalent chamber. Also, the question of RBE for eye cataract is not com- 
pletely settled yet. 

For all these reasons it has become a conservative custom in high-energy 
accelerator shielding work, where neutrons and other particles which strongly 
interact with nuclei predominate, to use a tissue-equivalent ionization cham- 
ber (an ionization chamber that indicates the dose which would be absorbed 
by human tissues) to measure a dose in rads and use an over-all RBE of 
10 or at least 5 to determine the dose in rem. It is the author’s opinion that 
the over-all assumption of an average RBE of 10 in these cases is justifiable, 
in view of the many uncertainties involved. The present practice regarding 


5 Note that 1 kev/y of water=10 Mev/cm of water. 
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maximum permissible radiation dose which is approved by the Atomic 
Energy Commission‘ and generally used in high-energy accelerator installa- 
tions is based on the 1957 recommendations of the National Committee for 
Radiation Protection (3) and the May 13, 1960, Staff Report of the Federal 
Radiation Council (4). These dose limits can be summarized as follows: 

Occupational personnel—The personnel involved in a high-energy ac- 
celerator operation includes physicists, accelerator-operating and mainte- 
nance engineers, technicians, physicians, and nurses. Radiation exposure 
indicators or film badge control should be used on occupational person- 
nel. The maximum dose is 3 rem per quarter of a year (i.e.,~231 mrem/week 
averaged over a quarter), but the maximum accumulated exposure is less 
than or equal to 5 (A-18) rem where A is the age in years. This formula 
means that age 18 should be the earliest exposure date and that the accumu- 
lated average should not exceed 5 rem/year. However, of course, an older 
man starting his exposure at age 30 could be exposed to 12 rem/year for 8 
years until the formula would require his exposure to be reduced to the 
order of 5 rem/year. 

Nonoccupational (including background and medical) exposures——The 
maximum dose is 14 rem in 30 years averaged over large groups of popula- 
tion. The practical recommendation (2) for unmonitored personnel around 
an accelerator is about 500 mrem/year. 

It is of practical interest in shielding design to convert the biologic radi- 
ation dose in mrem/hr approximately into fluxes of particles/sq cm/sec. 
One usually assumes that for particles producing minimum ionization the 
RBE is unity; because of possible star effects, this assumption is question- 
able for those particles (pions and protons) which have strong nuclear inter- 
action, but it is well justified for muons or electrons, for example. On this 
assumption, ~9 minimum ionization particles per sq cm/sec produce 
1 mrem/hr. Figure 2 shows the relation between neutrons/sq cm/sec and 
mrem/hr, and Table I shows the RBE as a function of neutron energy. 
In the energy region of 1 to 10 Mev, about 7 neutrons/sq cm/sec are equiva- 
lent to 1 mrem/hr. 

The level of radiation exposure at which the weekly (usually 40 hr) 
accumulated dose would exceed the maximum permissible radiation dose is 
generally referred to as a tolerance dose. In the present work we shall 
simply define 6 mrem/hr as the tolerance level for radiation workers al- 
though it is obvious that for young personnel and others whose maximum 
average weekly exposure (footnote 4) must be kept to 100 mrem, the cor- 
responding true tolerance dose (for a 40-hr week) would be 2.5 mrem/hr; 
a different true tolerance dose would apply for nonradiation workers or 


4 The AEC regulations for maximum radiation exposure levels for personnel 
since Jan. 1, 1961 are described in this paragraph and are embodied in amendments 
to Title 10, Chapter 1, part 20, of the Code of Federal Regulations entitled Standards 
for Protection Against Radiation. 
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radiation workers working other than a 40-hr week. Henceforth, the mere 
statement “‘tolerance level” or ‘‘tolerance’’ will mean 6.0 mrem/hr unless 
otherwise specified. Those readers who are familiar with bubble chamber and 
low-rate counter experiments will quickly recognize from the above figures 
that 1/10 to 1/100 tolerance or less may in many instances be required for 
experimental purposes. 


BASIC SHIELDING PROBLEM FOR PROTON ACCELERATORS 
IN THE SEVERAL-HUNDRED-MEV TO 
SEVERAL-BEV ENERGY RANGE 


General considerations ——Let us consider a source of protons of intensity 
No per sec and energy £p incident upon and interacting with a small (es- 
sentially point) target consisting of various commonly used target materials, 
including beryllium, carbon, polyethylene, iron, copper, and lead. It will 
be convenient for shielding purposes to consider, in addition to light targets, 
moderately heavy targets such as iron or copper since the shield itself if it 
contains heavy cvacrete, iron, or lead, etc., will develop a nucleonic cascade 
characteristic of a moderately heavy target, even if the target is a light 
element. The results of the interactions of a high-energy proton with nuclei 
in the region of several hundred Mev to several Bev have been reasonably 
well investigated, and it is well known (5 to 10) that the nucleonic cascade 
generated in a target nucleus by a high-energy nucleon contains high-energy 
neutrons and protons, low-energy neutrons and protons, heavier nuclear 
fragments, pi mesons, and K mesons, etc., if the energy is high enough. The 
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reader is particularly referred to the review articles by Miller & Hudis (8) 
and by the author which review the subject of nucleonic cascades (9). 

Typical intensities of primary beams in frequency-modulated (FM) 
cyclotrons and high-intensity proton synchrotrons are of the order of magni- 
tude >10" to 10" beam particles/sec. (Some FM cyclotrons approach 10" 
beam particles/sec.) Allowing a typical multiplication of nuclear particles 
by the order of 10 in a heavy target, one has particle fluxes of the order of 
10" to 10%/sec to contend with. 

Let us now consider what is the required shielding attenuation to reduce 
the flux to the radiation tolerance level (6.0 mrem/hr) at a typical working 
distance of ~30 ft from the target. We will consider the equivalent isotropic 
case, although in all practical cases there will be relatively more flux near the 
forward direction and relatively less flux at large angles. 

At 30 ft the fractional solid angle subtended by 1 sq cm (dw)/4m is 
0.95 10-7. Therefore a typical secondary particle intensity (allowing for 
multiplication) is, for 10" primary beam particles/sec, of the order of 105 
nuclear particles/sq cm/sec at 30 ft. For 10” primary beam particles/sec 
it is about 10° nuclear particles/sq cm/sec at 30 ft. As we recall, the toler- 
ance dose corresponds to $48 nuclear particles/sq cm/sec (the exact num- 
ber depending on particle type). Therefore, shielding attenuations® of 
= 2000 to 20,000 will in this average isotropic case be required to approach 
radiation tolerance. 

Let us now consider surrounding the target with a concrete shield (ordi- 
nary or heavy concrete) since this is the most generally used practical shield- 
ing material. The nucleonic cascade started in the target nucleus will be 
continued by the energetic secondary nucleons, pi mesons, etc., in the shield 
nuclei. As we shall see, the most penetrating component is the high-energy 
neutron flux, and the attenuation characteristics of the high-energy neutron 
component generally determine the required shield thickness. The mean 
free path for removal from the beam of high-energy neutrons of kinetic 
energy E>100-150 Mev is estimated to be ~20 in. in ordinary concrete 
and ~12.3 in. in Ilmenite (a widely used heavy concrete). Therefore, to 
attain attenuations of at least several thousand for the high-energy neu- 
trons, the practical shield we are considering must have a thickness of more 
than seven or eight mean free paths for removal. It is obvious that all 
charged particles issuing directly from the target will be stopped by ioniza- 
tion loss in such a shield unless they, via nuclear interactions or decay, trans- 
form into a neutral particle or a cascade of neutral particles which can emerge 
from the shield or interact near the outer edge of the shield to locally pro- 
duce charged particles of sufficient range to leave the shield. 

One-dimensional infinite slab problem—Consider for example a parallel 
beam of radiation of one monoenergetic neutron component of effectively 


5 Further buildup of the nucleonic cascade in the beginning of the shield has been 
neglected but is roughly included in the particle multiplication number. 
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infinite transverse extent incident upon a perpendicular plane shield of ef- 
fectively infinite width and depth. The flux of primary neutrons of energy Eo, 
n(E»/sq cm/sec) would obviously attenuate with depth in the shield accord- 
ing to the formula: 


, = doe? 1. 


where A, is the mean free path for effective removal of the primary compo- 
nent. Naturally, the meaning of “effective removal of the primary com- 
ponent” depends somewhat on the exact definition of removal. In the case of 
nuclear interactions of the primary neutron, it would obviously be effectively 
removed if it is transformed into charged particles, especially those which 
have a limited range (i.e., much less than Ay). However, if one or more sec- 
ondary neutrons are emitted in the interaction, the primary can or cannot 
be considered effectively removed depending on one’s exact definition of 
removal. In the present work unless otherwise stated we shall, for conveni- 
ence, consider the primary removed by any inelastic nuclear interaction, and 
those elastic scatterings which for the purpose of radiation shielding sub- 
stantially change the energy or direction of the primary. The nuclear cas- 
cades which remove the primary will build up secondary components as one 
proceeds through the shield, and this will contribute to a definite ioniza- 
tion loss per unit volume per unit time as function of x which can, for any 
arbitrary case, be represented by 


I(x) = B(x)e“2 2. 


provided B(x) is arbitrary. B(x) will obviously be 0 for x<0 for a neutron 
primary if we neglect the possibility of back-scattering. 

Let us now consider three particular cases of general interest: 

(a) Case 1.—If all secondaries generated by the nuclear interactions 
have a limited range (low-energy charged particles) or are neutrons, etc., 
which satisfy \,«A, (where the subscripts denote secondaries and pri- 
maries), then B(x) will attain a peak value in a distance equal to a few 
times the characteristic forward transport distance of the longest mean- 
free-path secondary component. Thereafter B(x) will remain approximately 
constant. 


I(x) = Be?” forx>>d, 3. 


For unit primary flux, B(x) is usually defined as the ionization buildup 
factor and will be denoted by b(x). One can also define a buildup factor for 
particle flux due to a unit primary particle flux which can be referred to as 
B(x). For \s«Ap, B(x) will also saturate for large enough x. 

(6) Case 2.—Another case of interest arises when one of the secondary 
components has a much longer mean free path for collision than the primary 
component and other secondary components. For example, when a high- 
energy electron or photon beam is incident on a concrete shield, the high- 
energy secondary neutrons generated by the photons or electrons have a 
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much longer mean free path (A,) than the mean free path (radiation length) 
of the primary (A,). In this case after a sufficient transition distance the sec- 
ondary component of long mean free path obviously predominates over the 
primary, and the asymptotic form of J(x) becomes: 


I(x) > e@* ~~ for x>>As 4. 


(c) Case 3—Another simple case of some general interest is the situation 
where a high-energy primary, for example a neutron of Eo >several hundred 
Mev, can, after a collision, either continue to propagate near its original 
direction at reduced energy with about the same mean free path as the pri- 
mary or generate one or more energetic secondaries near the same direction 
with about the same mean free path until a sufficient number of cascades 
have degraded the primary energy to a point where the process no longer 
propagates. The mean free path for collision of a neutron in concrete shields 
is relatively constant for E>150 Mev and rapidly decreases with decreas- 
ing energy thereafter. Hence a situation having characteristics similar to the 
above is actually encountered in high-energy neutron beams. There obvi- 
ously will be a distribution function for the number of cascade collisions 
required to reduce a primary and its generated secondaries to low enough 
energy (say ES50 Mev) so that they are effectively removed from the 
beam in the early part of a thick shield, and this distribution function will 
depend on the dynamic characteristics of the inelastic interactions which 
take place. However, for simplicity in illustration, let us consider that a par- 
ticular number of inelastic interactions are required to remove a particle 
effectively from the beam, and that the mean free path of the secondary 
particle of reduced energy is equal to that of the primary particle until the 
nth interaction when it is reduced in energy sufficiently to have a relatively 
short mean free path thereafter and can therefore be considered effectively 
removed. Then it can be shown that, if N(x) is the total number of particles 
per second passing through a plane perpendicular to x at distance x, the 
character of N(x) as a function of x is representable by: 


Nn(x) = No(x)Bn(x/Ap)e72” 5. 

When 
m=1, Ni(x) = No(x)e*” 6. 

When 
n = 2, N2(x) = No(x)(1 + x/A)e=” 7. 

When 
n=3,  Ng(x) = No(x)(1 + %/A+ 22/2a%)e-2” 8. 


where 6 is obviously the particle buildup factor. Therefore it is clear from 
the above that for n >1 the buildup factor does not saturate and indeed is a 
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monotonically increasing function of x.6 However, when x/A is much greater 
than m, approximately exponential absorption occurs with a very slightly 
longer mean free path than Ap, the difference (AA, ~nA/x) becoming smaller as 
x/X\ increases. Therefore, to measure the equilibrium mean free path for 
exponential removal it will be necessary to use a rather thick shield. In 
those cases where extensive cascading is important, a series of different 
exponentials may be required to fit the over-all behavior of a thick shield 
from the beginning to the end. When the ionization buildup factor is ap- 
proximately saturated, the observed effective mean free path for removal 
will be referred to as A, and defined as the distance in which the ionization 
density loss is reduced by 1/e. 

If A;—Aeollision, then it is safe to assume that cascading is no longer im- 
portant, although it is also true that equilibrium exponential absorption 
with a well-defined A, may still occur approximately, even if \, is consider- 
ably larger than Agojlision (i-e., electron showers, etc.). 

Neutron attenuation.—In all high-intensity accelerators with initial beam 
energy of less than a few Bev, the thickness of the required shielding is pri- 
marily controlled by the attenuation characteristics of the high-energy 
neutron flux. Therefore let us now consider the quantitative behavior of the 
neutron inelastic cross sections (11 to 15), as a function of energy, which are 
depicted for various elements in Figures 3 and 4. It is clear from Figures 3 
and 4 that for neutron energies between ~100 Mev and ~150 Mev the in- 
elastic cross sections are approximately constant; and to the extent that 
information exists at higher energies, one can conclude that the inelastic 
cross sections do not change appreciably at higher energies. 

Figure 5 shows the proton-proton and neutron-proton total and inelastic 
cross sections (6) as a function of energy. From these and other data one 
can conclude, by use of the optical model (which is a reasonable approxima- 
tion), that the neutron inelastic cross sections probably do not change sub- 
stantially at least up to ~25 Bev; and it is likely that this is true at higher 
energies also. One can also conclude from these general arguments and ex- 
periments that the high-energy proton-nucleon inelastic cross sections are 
probably very close in value to the neutron inelastic cross sections. Below 100 
Mev the neutron inelastic cross section increases rapidly with decreasing 
energy until E<25 Mev where in most cases the neutron inelastic cross sec- 
tions level off and then decrease suddenly as shown in Figure 3 and in more 
detail in Figure 4. The increasing inelastic neutron cross section with de- 
creasing energy in the region 25 MevSE, 5100 Mev means that neutron 
secondaries of high-energy primaries in this energy range reach an equi- 
librium buildup factor relative to the long-range primary component which 


® This increase of buildup factor with x will be even faster if more than one second- 
ary is generated per collision. For example, if s secondaries are generated per collision 
and N=2, we have: No(x)=(1+sx/d)e=". 
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Fic. 3. Inelastic neutron cross sections as a function of energy (0 to 1.4 
Bev). The data are from (11 to 14). 





controls the attenuation. For E >100 Mev the secondary neutrons may still 
have an effectively shorter mean free path than a higher-energy secondary, 
even though the inelastic cross sections are about the same, because of the 
increasing angular divergence with decreasing energy of the secondaries. It is 
these facts which tend to make high-energy (E<several hundred Mev to 
several Bev) nucleon beams attenuate approximately exponentially (after 





SHIELDING OF HIGH-ENERGY ACCELERATORS 





2.8 : A A 
pe'ay a — — 

2.0 { 

l.2 


0.4 
O 











8 
Zz 
O 
= 
U 
Lud 
72) 
w" 
ww 
O 
“4 
U 
UY 
= 
WY 
- 
uu 
Z 
Zz 
O 
a4 
a 
a | 
lu 
Zz 


vCarbon - 


‘ / 
Rees oe oe Z 
0 10 20 30 

NEUTRON ENERGY (Mev). 


Fic. 4. Inelastic neutron cross sections as a function of energy at low energies (0 to 
30 Mev). The data are from a review of the field by MacGregor et al. (15). 











a sufficient transition region) with a mean free path which is not very sensi- 
tive to the initial energy and is not much longer than the geometric mean 
free path calculated from the inelastic cross sections of the elements in the 
shield. Of course, the existence of deep enough “‘holes” in the inelastic cross 
sections below 25 Mev could, in certain cases, vitiate the above arguments. 
However, these holes are usually taken care of by a sufficient hydrogen (i.e., 
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Fic. 5a. The total, elastic, and inelastic cross sections for p-p interactions as a 
function of energy. All curves shown are empirical. The open diamond points have 
been obtained by a subtraction of the elastic cross section from the total cross-section 
curve, and estimated errors are attached. In the region beyond 300 to 400 Mev, the 
errors on elastic points have been made by broken lines so that they may be dis- 
tinguished from inelastic or total cross sections. Since p-p interactions occur only via 
the isotopic spin 1 (J =1) state, the cross sections are equal to the corresponding ones 
for the T=1 state. 

Fic. 5b. The total neutron-proton cross section is shown as a function of energy. 
The T=0 total cross section deduced from the total p-p and n-p cross sections is 
also shown. All curves are empirical—from Lindenbaum (9, p. 331). 
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Fic. 6. The calculated mean free path for inelastic collisions of high-energy neutrons. 


water) content in a well-designed shield, since the rapid increase of the 
neutron-proton cross section at low energy, followed finally by neutron cap- 
ture, can effectively compensate for these holes. For high-energy shields 
about 1 to 2 per cent water content is adequate for this purpose, whereas 
in reactor shields approximately 4 per cent water is recommended [see (16) 
for reactor shields]. The calculated mean free path for removal of high- 
energy neutrons by inelastic collision is given in Figure 6 as a function of 
neutron energy for various elements and concrete, etc. 
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Berkeley shielding measurements——A series of measurements of the re- 
moval half-value thickness’ of various materials at various energies has 
been made by several groups, notably Moyer and co-workers (17, 18) at 
Berkeley using the neutron beams of the large FM cyclotron. Although the 
details of the geometry corrections, the transition effects, and the basic 
accuracy of the measurements all impart a considerable degree of uncer- 
tainty to many of these results, their nominal values are of definite in- 
terest. Since monochromatic neutron beams were never available, the asso- 
ciated neutron energies are only representative of the average values in the 
neighborhood of the high-energy peak of the spectrum. The general char- 
acteristics of the test setup are shown in Figure 7. These data are shown in 
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Fic. 7. Arrangement for testing shielding properties of concrete (median plane 
section) from Moyer (17) and Patterson (18). A, slab under test (dimensions: 3 <3 ft 
by thickness). C, concrete “‘igloo.’’ D, detector in 1.5 in. cubical cavity. M, beam 
monitor. 














Table Ila and also Figure 6. A quote from the original article (17) follows: 
“This geometry was chosen because although it fulfilled the requirements for 
neither ‘good’ nor ‘poor’ geometry, it represented the configuration existing 
in a thick shield.” Therefore, one should be somewhat circumspect in relat- 
ing these values to idealized removal mean free paths. 

Typical values of the mean free path for removal of high-energy nucleons 
determined by shielding experiments at Brookhaven National Laboratory 
(19, 20) are shown in Table IIb and also in Figure 6. It is clear from Figure 6 
and Table IIb that the mean free path for neutron removal is close to the 
mean free path for collisions at energies below 1 to 2 Bev and appears to 
increase with energy thereafter. One exception seems to be in the region of 
about 300 Mev where the mean free path for neutron removal appears to 


7 The half-value thickness for removal (diz) is that thickness which reduces the 
radiation parameter measured to one-half its value. The mean free path for removal 
Ay is related to the half-value thickness by: \,=dy2/0.69. Values of diz and X, for 
various substances are shown in Table II. 
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TABLE IIA 
BISMUTH FISSION-CHAMBER MEASUREMENTS OF HALF-VALUE THICKNESSES 


oF VARIOUS MATERIALS FOR NEUTRONS DETERMINED AT BERKELEY* 




















































Average neutron energy, Average neutron energy, 
90 Mev 270 Mev 
M ‘al Calculated Calculated 
ateria Half-value removal Half-value removal 
thickness mean thickness mean 
(inches) free path (inches) free path 
(inches) (inches) 
Pb 4.7 6.8 5.8 8.4 
Cu 4.2 6.1 5.7 8.3 
Al 10.7 15.7 18.0 26.0 
Cc 15.1 22.0 
Concrete (ordinary) 9.5 13.8 18.0 26.0 
* References (17) and (18). 
TABLE IIB 


MEASUREMENTS OF HALF-VALUE THICKNESS OF (p~4.0-4.3) HEAvy CONCRETE 
FOR H1GH-ENERGY NUCLEONS DETERMINED AT BROOKHAVEN* 











Estimated Half-value thickness for Effective removal 
nucleon energy effective removal mean free path 
(Bev) (inches) (inches) 
.0 5 
~1-2 8.543 °9 12.34+3-3 
~2-3 11 +2 16 +3 











* References (19) and (20). 


exceed that for collision considerably. However, it is probable that the lack 
of a well-defined geometry, etc., in the experiments is to a large extent re- 
sponsible for this discrepancy. 

Brookhaven shielding measurements——Brookhaven shielding measure- 
ments have been used as an important element in several recent designs of 
multi-Bev proton accelerator shields; therefore the experiments and their 
analysis (19, 20) will be briefly described. 

The 3.0-Bev external beam of the Brookhaven Cosmotron was allowed 
to strike a wall of heavy concrete (9~4.0—4.3) at normal incidence. Most of 
the beam was included in a 6X6 in. square, and its estimated average di- 
vergence was less than about 3°. The wall thickness was varied from 34 in. 
to 13.5 ft, and measurements were made of ionization density (using Health 
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Physics monitoring equipment) and also of the number of penetrating par- 
ticles per unit area (EZ, >50 Mev, Epion >25 Mev) as a function both of wall 
thickness and distance from beam center. The measurements of penetrating 
particles exhibited a sharply peaked behavior around the beam center, which 
over the range of the thickness starting from 6 to 8} ft and ending at 13 ft 
appeared to be consistent with the compound effects of multiple nuclear 
scattering and multiple Coulomb scattering which were estimated by the 
author (20) to spread the beam by ~15° full half width. The ionization 
density measurements exhibited similar types of peaked patterns near the 
beam center which were broader and also had considerably larger tails. The 
sharply peaked patterns observed are attributable to the propagation 
through the shield of the primary proton component which by ionization 
loss is continually decreasing in energy by ~200 Mev per ft. Therefore, 
over the range of 6 to 13 ft the energy of the primary proton component de- 
creases continuously from about 1800 Mev to about 400 Mev. The data 
were analyzed to determine the appropriate half-attenuation thickness* along 
the beam direction for the following: (a) the primary component, (b) the 
ionization loss per unit volume, (c) the health dose, and (d) the total 
ionization loss per unit length. 

It is clear from the previously published analysis (20) that the con- 
trolling element in the behavior of (a), (b), (c) in the latter part of the shield 
(i.e., after the first 6 to 8} ft) is the progress of the primary radiation through 
the shield. In fact, along the beam center, (a), (b), and (c) are all represent- 
able by an exponential of the form Noe~*” for shielding thickness in the 
range 6 to 13 ft, and all have the same nominal half-attenuation value of 

3 in. over this range of shielding thicknesses. 

As already pointed out (20), the geometry is poor enough after 6 to 8} ft 
so that a measurement of the behavior for (a), (b), and (c) near beam center 
essentially gives the appropriate half-attenuation thickness with only small 
geometry errors. Therefore it appears that over the shield-thickness range of 
6 to 13 ft (i.e., primary proton component energy in the range of 1800 to 
400 Mev), the half-attenuation thickness of the primary component is 
approximately independent of energy. In regard to (d), an integration over 
the shield area normal to the beam was required. Although this is a more in- 
accurate determination since the shapes of the radiation patterns varied 
rapidly over the intervals used, the result for the latter part of the shield 
(beyond 8 ft) also yielded® a half-attenuation thickness of the order of 

3 in. This of course is further support for the interpretation that the pri- 
mary component controls the radiation pattern, and makes it clear that this 
half-attenuation thickness is appropriate for use in shielding calculations 
concerned with dose rates. 


8 Half-attenuation thickness and half-value thickness (see footnote 7) are used 
interchangeably. 

® There was an erroneous value listed for this length in the original report (19). 
The value now stated is the correct one determined from the data. 
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A consideration of all sources of error including monitoring, geometry, 
and dimensional uncertainties results in an error estimate of —} in. and +1 
in. where the asymmetry is introduced by the fact that geometry corrections 
can only increase the values in the poor-geometry measurements. The re- 
sultant half-attenuation thickness is 8} in. *}i% 

In the first 6 to 8 ft the half-attenuation length is not easy to determine. 
Transition effects and the rapid spreading of the beam in the first few feet of 
concrete make the estimates rather uncertain. However, one can estimate 
from (a), (b), (c), and (d) that a half-attenuation thickness of 11 in. +2 in. 
is consistent with the data. Considering that the various nuclei in the shield 
(except hydrogen) are composed of approximately equal numbers of neu- 
trons and protons and that the differences in n-p and p-p total cross sections 
are not too large over the energy interval ~400 to 2500 Mev, one can con- 
clude that the half-attenuation lengths for neutrons in this energy range will 
be essentially the same as those for protons. Hence the values obtained above 
apply for nucleons in this energy range. 

Buildup factors—Moyer and his collaborators have extensively studied 
buildup factors (17, 21, 22) at the FM cyclotron at Berkeley. The following 
is a quote from the article ‘Build-up Factors” by Moyer (21): 


We make estimates from known relative intensities of components outside a well 
shielded synchrocyclotron. We are accustomed to find slow neutron flux densities 
about 10 times larger than those of fast neutrons in the Mev region, and gamma pro- 
duced ionization which measures in mr/hour about 1/10 the fast neutron flux density. 


Thus, relative component measurements such as 100 slow neutrons per 
sq cm/sec, 10 fast neutrons/sq cm/sec (mean energy about 1 Mev), and 1 
mrem/hr gamma-produced radiation are quite typical. Using Figure 2 or 
Table I, we conclude for the ratios of the various doses that if the fast- 
neutron dose corresponds to ~1.4 mrem/hr, the slow-neutron dose cor- 
responds approximately to ~1 mrem/hr compared to ~1 mr/hr gamma- 
produced radiation. The contributions to the dose due to the protons and 
pi-mesons are small in an FM cyclotron of a few hundred Mev. Therefore 
about 40 per cent of the health dose is due to fast neutrons, about 30 per cent 
of the dose is due to slow neutrons, and about 30 per cent of the dose is due 
to gamma-produced radiation. Since the radiation length in ordinary con- 
crete shields is ~25 g/sq cm while the neutron removal mean free path is 
125 g/sq cm or more, it is obvious that the gamma-produced ionization out- 
side the shield does not come directly from the target but is produced locally 
by nuclear processes such as capture gammas, nuclear de-excitation gammas, 
and a small number of locally produced 7° gammas. One should note that 
electrons are produced by Compton scattering, photoelectric effect, and 
pair production by gammas. In a heavy-concrete shield (9 ~4.0) the radia- 
tion length is ~17 g/sq cm and hence the proportion of gamma-produced 
radiation will be smaller. Several years ago, Moyer kindly supplied the 
author with some data on fast-neutron buildup factors for a thick ordinary 
concrete shield determined from measurements with the FM cyclotron at 
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Berkeley (22). For neutron primaries of 100 to 300 Mev the fast-neutron 
buildup factor is estimated to be ~10. If one wishes for convenience in calcu- 
lating health doses to incorporate the slow-neutron dose into an equivalent 
fast-neutron buildup factor By, which gives the same health dose as the 
actual neutron radiation, the foregoing data on ratios give By, ~17 +5 where 
the error estimate is rather uncertain. 

Figure 8 depicts the estimated approximate average numbers of cascade 
neutrons and evaporation neutrons and also total neutrons produced per col- 
lision based on the work of Metropolis et al. (10), and is from the work of 
Tsao, Curtis, Harrison & O’ Neill (23, 24). It is clear that in comparing these 
numbers to the buildup factor estimates by Moyer, one has to consider the 
following effects. The evaporation neutrons have a much smaller mean 
free path for removal than the neutron primaries. Therefore, they essen- 
tially come from an effective depth ~25 to 40 g/sq cm (transport mean 
free path) while the cascade neutrons come from depths ~125 g/sq cm. 
Hence the relative contribution of evaporation neutrons at the surface of the 
shield is about one-third to one-fifth of those produced per collision. On the 
other hand, each high-energy neutron primary of ~300-Mev incident energy 
can, because of the nature of the nucleonic cascade, be accompanied on the 
average by perhaps as much as one or at least a fraction of one energetic 
neutron secondary which contributes to the over-all buildup of the so-called 
fast-neutron flux; this flux tends to peak between 1 Mev and a few Mev and 
is composed of both evaporation nucleons and cascade nucleons of degraded 
energy. When all of this and the uncertainties in the measurements are con- 
sidered, it appears that the order of magnitude of the Berkeley observations 
can probably be reasonably explained theoretically. One can also see from 
Figure 8 that the variation of buildup factor with energy will be relatively 
slow. 

The interactions of nucleons (about equal numbers of protons and neu- 
trons) of about 300 Bev with lithium hydride have been studied by Dobrotin 
& Slovatinsky (25) using a “‘calorometric’”’ method which consists of a series 
of ionization chamber trays separated by slabs of dense absorber totaling 
5.3 units of nuclear interaction. The arrangement is shown in Figure 9. The 
upper cloud chamber determined whether the shower particles were charged 
or neutral while the lower cloud chamber enabled the authors to determine 
the number, emission angles, and momenta of the overwhelming majority 
of charged secondaries. By this method the authors were able to relate the 
total energy of the shower to the measured ionization with a stated ac- 
curacy of 30 per cent and hence were able to determine the individual pri- 
mary nucleon energies directly. The average number of charged shower 
particles per shower at this energy is found to be 8+1. The average multi- 
plicity at 10 Bev was determined by experiments at the Dubna accelerator 
to be 3.0+0.1. This demonstrates that the average multiplicity of shower 
particles in a nucleon-nucleon collision increases only slowly with energy. Of 
course the buildup factors to be used for shielding purposes will increase 
considerably faster with energy than the basic shower multiplicity because 
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Fic. 8. Average number of particles produced per collision for various materials as a 


function of incident nucleon energy (23, 24). 


the shower particles produced by high-energy primaries contain more energy 
and hence can themselves produce other showers. In this regard it appears 
that the average inelasticity of these high-energy events is one-third. There- 
fore, several interactions will be required to degrade a high-energy nucleon to 








1 Bev or less. Nevertheless, from considerations like these one can crudely 
estimate that the over-all shielding buildup factor will probably go up con- 
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siderably more slowly with energy than linearly, and a guess might be a 
buildup factor ~E'/" where n is probably at least 2. Naturally, as indicated 
previously the buildup factor will probably only have a near-saturated 
value when fix/A>1, where # is the average number of collisions required 
to degrade the primary nucleon into secondary nucleons of energy of a few 
hundred Mev. 

Nucleonic cascades and Monte Carlo calculations—The characteristics of 
the inelastic interactions of nucleons with nuclei have been reasonably well 
explained via a nucleonic cascade composed of single nucleon-nucleon en- 
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Fic. 9. Experimental arrangement of ionization calorimeter (25). 


counters in a Fermi gas nucleus. Several authors (5, 6, 7, 10) have, over the 
last decade, applied the Monte Carlo method to the treatment of these 
nucleonic cascades. The results agree reasonably well with experiments as 
regards both mean values and the large fluctuations inherent in these sto- 
chastic processes. An extensive series of nuclear cascade calculations has 
been recently carried out by Metropolis e¢ al. (10), using the MANIAC 
electronic computer. Cascades of nucleon-nucleon collisions including pion 
production and reabsorption were considered. The number, kind, energy, and 
direction of emitted particles of each cascade as well as the nature and value 
of the excitation of the residual nucleus were tabulated. Incident nucleons 
from 46 to 1830 Mev were treated. In addition, cascades initiated by inci- 
dent pions from 0 to 1500 Mev were considered for various target nuclei 
which include aluminum, copper, ruthenium, cerium, bismuth, and uranium. 
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About 1000 cascades were calculated for each incident energy and target 
nucleus. These authors have made extensive comparisons of their calcula- 
tions to available experimental data and have found a generally good agree- 
ment of the characteristics of the nucleons. The discrepancies which do 
appear mainly in the pion spectra are primarily due to the particular sim- 
plifying assumptions made for the characteristics of pion production. There- 
fore the Monte Carlo calculations serve as an excellent source for shielding 
calculations, 

Tsao, Curtis, Harrison & O’ Neill (23, 24) have applied the Monte Carlo 
method to calculations! of the shielding for the Princeton-Pennsylvania 
3-Bev proton synchrotron which is under construction. These authors have 
used the Metropolis et al. Monte Carlo cascade calculations as a starting 
point and have traced subsequent neutron and proton cascades through 
heavy (Ilmenite) concrete of density 240 lb/cu ft (composition by weight: 
iron 38 per cent, oxygen 32 per cent, calcium 22 per cent, and silicon 8 per 
cent). Pions and gamma rays are neglected and several simplifying assump- 
tions have been made. Furthermore, in order to save computer time and 
obtain reasonable statistics, the particle flux has been doubled a sufficient 
number of times so that, even after a thick shield, a few particles emerge per 
entering particle. This latter technique can and does introduce large fluctua- 
tions in some of the results. 

A typical result of general interest is the normal incidence of 300-Mev 
neutrons on a flat slab of heavy concrete (p ~240 Ibs/cu ft). Although fluctu- 
ations of the points made the results somewhat uncertain, these authors have 
found that between 11- and 15-ft shield thickness the half-attenuation 
thickness is ~10 in. with an error which the author estimates to be ~ +1 in. 
For this case the calculated collision mean free path is ~8.3 in. From a plot 
of the particle buildup factor from 2 to 16 ft, it appears that the assumption 
that two collisions are required to remove the primary fits the data very 
well. The particles leaving the shield are practically all neutrons. A typical 
energy distribution at 170 in. is given in Table III. 

Therefore, the buildup factor per primary neutron (kinetic energy >250 
Mev) appears to be ~45, but cascade fluctuations make the error consider- 
able. If one computes the buildup factor for neutrons below 100 Mev rela- 
tive to those above 100 Mev, one obtains ~3.2. Hence Moyer’s estimate 
which is intermediate between these two is reasonably consistent with the 
results of these calculations. 

When the secondary particles from the target which is hit by 3.0-Bev 
protons are allowed to be incident on the 15-ft thick shield, the energy spec- 
trum of the particles on the outside of the shield is given in Table IV. The 
apparent fluctuations are attributable to statistics and the stochastic fluc- 


10 Some of the early results of the Monte Carlo type of calculation were reported 
by O'Neill (24). However, it is the author’s understanding that the inelastic neutron 
cross sections used at intermediate energies (~300 Mev) were too low and therefore 
these results are superseded by those reported in (23). 
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TABLE III 


A TypicaL CALCULATED (23) ENERGY DISTRIBUTION OF THE PARTICLES* 
AT 170-1N. SHTELD THICKNEsSSf FOR 300-MEv INCIDENT NEuTRONS{ 














E 

a” No. of particles 
146 
10— 20 31 
20— 30 13 
30- 40 15 
40- 50 10 
50- 60 13 
60- 70 9 
70— 80 9 
80— 90 1 
90-100 13 

100-200 125 

250-500 9 





* Practically all of these particles are neutrons. 
t This shield is heavy concrete. 
t Reference (24). 


TABLE IV 


CALCULATED (23) ENERGY SPECTRUM OF THE PARTICLES ON THE OUTSIDE OF A 
15-Fr. TH1cK HEAvy CONCRETE SHIELD WHEN 3.0-BEV PROTONS 
ARE THE PRIMARY RADIATION 











Energy range Fraction of particles in the 

(Mev) energy range 

O- 5 0.324 

5- 10 0.052 
10- 20 0.075 
20— 30 0.043 
30- 40 0.042 
40- 50 0.029 
50- 60 0.030 
60- 70 0.017 
70- 80 0.028 
80- 90 0.029 
90-100 0.039 
100-200 0.249 
250-500 0.044 
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tuations due to particle splitting. One should note that the general char- 
acter of this particle energy spectrum is similar to that for incident neutrons 
of 300 Mev. The fast-neutron buildup factor computed relative to neutrons 
of 250 to 500 Mev is ~22. The fast-neutron buildup factor computed rela- 
tive to neutrons>100 Mev is 3.3. 

Phenomenological shielding calculations.—As pointed out earlier, the fact 
that the high-energy neutrons control the particle cascade in proton ac- 
celerators of a few hundred Mev to a few Bev energy and the additional fact 
that the mean free path for neutron removal is relatively independent of 
energy above 100 Mev" and decreasing with decreasing energy thereafter 
make the treatment of shielding problems by the phenomenological method 
previously developed (see p. 218 to 21) quite feasible. The present case is a 
mixture of Case 1 and Case 3 of the section entitled “One-Dimensional 
Infinite Slab Problem” (see p. 218 to 21). Since the target is generally the 
center of the most intense source of radiation, we shall for simplicity at pres- 
ent treat the target as the only source of radiation. Then, if the target is sur- 
rounded by a homogeneous spherical shield separated by a distance ro from 
the target, we can generalize the previous one-dimensional treatment in the 
following manner. 

Let us define n(r, @) as the total flux of neutrons and other health dose 
particles/sq cm/sec at a distance r from the target and at a polar angle 0 
to the beam direction at the target. Let us define i(r, @) as the ionization loss 
per unit volume per unit time. Then the appropriate formulae become 

rrp) /Ar 
nir,0) = NUH OPE ee 9. 
rrp) /Ar 
i(r, 0) = N(ro,6)b(r, 6) a 10. 
where the dependence on @ has been introduced to take account of the 
angular dependence of the various quantities. 
The relations of our previous one-dimensional quantities to the present 


ones are given by: 





f wae dQ = N(r) 11. 
f ee dQ = B(r) N(r) 12. 
g CONG 49 = HOMO) 13. 


In practice, provided the shield is thick enough and the conditions as- 
sumed are met, approximately exponential attenuation with a well-defined 
\, will occur and the apparent r dependence of both 8 and b will be small over 
a few mean free paths. Although there will still be a considerable angular 


11 There is some evidence for an increase in the mean free path for neutron removal 
at ~300 Mev (see Fig. 6). 
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dependence due to the forward peaking of high-energy nucleons from a 
target, B(r, 8)/b(r, 6) will tend to be approximately a constant relatively 
independent of r and @. 

In practice, an equivalent N(r) can be used in terms of neutrons only, 
which gives the same dose as the actual particle mixture. This calculational 
procedure can then be used with empirical or phenomenologically estimated 
mean free paths for neutron removal and empirical or estimated effective 
buildup factors. Of course, experimental measurements under known condi- 
tions can be used to calibrate effective buildup factors. 

The same treatment can be reasonably well applied to cylindrical pillbox 
shields. However, one must remember that in this case 79 varies and that 
estimated corrections must be made for oblique incidence on the shield 
wall where the departure from normal incidence is appreciable. These tech- 
niques can also be modified for other odd-shaped shields. In the case where 
the radiation source is not concentrated at a point, the radiation dose 
through the shield can be estimated by a rough integration of the effects of 
a distribution of point sources. The author has used variations of simple tech- 
niques such as these to design the new basic shielding for the Brookhaven 
Cosmotron (20) and has found them quite successful in the sense that 
actual performance matched design within a factor of ~2 which is smaller 
than the estimated errors in the calculations. Figures 11a and 11b show the 
Brookhaven Cosmotron shielding. The point to remember is that in most 
practical shielding situations the shield is far enough removed from the 
target and is large enough so that the treatment of the shield can be broken 
down into the separate treatment of various subsections which interact with 
each other only to a small extent, and then the total radiation flux can be 
estimated as the sum of the fluxes due to each subsection of the shield. 

Barrier shielding and sky shine-——The term “sky shine’ generally refers 
to the indirect radiation from a source which originally proceeds upward 
from the surface of the earth and is then scattered back to a point near the 
surface of the earth by one or many collisions with air nuclei, which may be 
elastic or inelastic. Some scattering and absorption by the earth will also be 
involved. A high-energy accelerator without a roof shield or with an inade- 
quate roof shield will be a prolific source of sky shine. The use of local shield- 
ing barrier walls to block off the direct radiation issuing from an accelerator 
and the omission of a roof shield or the inclusion of an inadequate roof 
shield have been chronic conditions in many of the larger accelerators, as 
for example the Bevatron and early versions of the shielding for the Cos- 
motron and the FM cyclotron at Berkeley. This neglect of roof shielding was 
caused partly by a lack of early realization of the enormous magnitude of the 
sky shine radiation, and partly by a reluctance to incur the high cost and 
mechanical support difficulties involved in completely enclosing the ac- 
celerators with a shield. Furthermore, the present high-intensity levels of 
operation were not foreseen in many cases. Adequate attention to roof 
shielding becomes of extreme importance in high-intensity, high-energy 
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accelerators, since as we shall soon see, barrier shielding is already inade- 
quate at intensity levels ~10'° protons/sec. 

The author has investigated (26) the sky shine problem for high-energy 
proton accelerators, and the following will be a summary and discussion of 
this article. In general the sky shine radiation is dominated by low-energy 
neutrons from 1 Mev to about 10 or a few tens of Mev. The reason is that, 
if there is an effective thick target or a thin target followed by shielding ma- 
terial in the path of the secondaries from the target, the buildup of secondary 
low-energy neutrons (~1-—10 Mev) corresponds as we have seen to = 10 
per energetic primary. The mean free path for scattering of these secondary 
neutrons by the air nuclei has been shown to be ~450 ft. The mean free 
path for scattering of the high-energy neutrons (EZ 100 Mev) is ~2000 to 
3000 ft. For distances less than about one mean free path the sky shine flux 
is, crudely speaking, inversely proportional to the incident mean free path 
for scattering and directly proportional to the flux from the target. This 
implies that the number of ~1- to 10-Mev neutrons" will be ~50 times that 
of the higher-energy sky shine neutrons (EZ 100 Mev). The author assumed 
isotropic scattering in the center-of-mass system and an average total and 
inelastic cross section for neutrons in the low-energy range. These assump- 
tions are not expected to alter substantially the conclusions reached. The 
simplest problem treated is that of a point neutron source in an infinite iso- 
tropic scattering medium with absorption. The methods of transport theory 
(27) were used. 

A scalar flux $(r, t)=p(r, t)v was defined which is the product of the 
density of neutrons p(r, #) (i.e., number of neutrons/cu cm) and the absolute 
value of the neutron velocity in cm/sec. The scalar flux is the appropriate 
unit for dose fluxes. Then the general solution to the steady state problem of 
an isotropic point neutron source emitting g neutrons/sec in an infinite iso- 
tropic scattering medium with a is: 


kor 
Ne 14, 








¢(r) = i r)] + 
where 2,=No; is the total nO cross section in cm™, WN is 
the number of nuclei/cu cm, o is the average total cross section, and 
c= 2,/ 2,=¢,/¢; is the ratio of the total elastic scattering cross section 
to the total cross section. Here c ~0.97 for air. However, when the effects of 
the ground are taken into account, it is shown that c ~0.8 to 0.9 is more ap- 
propriate. We shall here consider the case c~0.9: 








For|c—1| K1, ko + /32.2,(1 — 2/34) 15. 
-_ z 2/3A. = - 
= oe —» bec 
a 34)(1-5 sz, + 1—2/3A “ad 


12 Reference (26) treats 1- to 5-Mev neutrons for simplicity. However, the basic 
conclusions will be the same. 
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Fic. 10. Plot of Equation 18 with g=1 and c~0.9. 


where 2, is the macroscopic absorption cross section and A is the average 
atomic number. For c~1, €(c, r) is unity at r=0 and decreases very 
slowly and monotonically from unity at r=0 to 0.31 at r=20 mean free 
paths. The symbol K represents the fraction of all neutrons present in the 
second term, i.e., the 1/r term [K is a function of c and is plotted on p. 62 
of (27)]. For ¢~0.9, K ~0.9. For air with ¢ ~1.5 barns, and c ~0.9, one mean 
free path (1/2,) is about 450 ft ~ 1.33 x 104 cm. 


1/ko = 830 ft ~ 2108 cm 17a. 
D = 0.5 X 10cm = 170ft 17b. 


The first term in Equation 14 represents the source term and is defined 
as },(r). If e(c, 7) were exactly unity, the first term in Equation 14 would at all 
distances represent the flux from the source which arrived at point r with- 
out a nuclear scattering or interaction in the air. Let us define this lat- 
ter quantity as ¢,*(r). The first term of Equation 14 will become negligible 
in comparison to the second term at large enough distances since 1/r>1/r’ 
and also e~="«e-*o" for Da< Ly. Therefore the e~*"/r term, which repre- 
sents the sky shine, is the asymptotic solution (¢,,) for large r. A convenient 
form for plotting Equation 14 is obtained by multiplying ¢(r) by 4mr’: 


qKre-*or 
D 





Anr*p(r) = gei"e(c, r) + 18. 


Figure 10 is a plot of Equation 18 with g=1 andc ~0.9. Distances are plotted 
in mean free path units and are also shown in feet using the mean free path 


18 The quantity ¢(c, r) is tabulated on p. 91 and plotted on p. 97 of (27). 











SHIELDING OF HIGH-ENERGY ACCELERATORS 239 


of 450 ft deduced for 1- to 5-Mev neutrons. For r 2 0.3 mean free path (~ 150 
ft), das(7) becomes larger than either ¢,(r) or @,*(r). For a neutron source in 
vacuum, 4rr*@(r) =1 for all r. It is clear from Figure 10 that 4mrr*¢,,>1 for 
0.5 <r <4.7. If one locally blocked off or ignored the direct radiation from 
the source which had not interacted with air nuclei, the resultant indirect 
radiation which we will call sky shine would have a scalar flux ¢,, given by 
des =has — (b:*—;) bas. For reasons previously given, the high-energy 
components will contribute only a few per cent to ¢(r) at distances near the 
source. However, after several thousand feet the high-energy components 
may dominate because of the long mean free path. The long-distance be- 
havior of ¢(r) from a shield can probably be approximately represented em- 
pirically by the following formula: 


£00, rcre*0"” 


$(r) = = eter + 
r r 


where the first term represents the low-energy fast-neutron component 
and the second term the higher-energy components which in general will 
have a scalar flux which is a function of angle. It is probable that f(0, r) is 
mainly a function of @ only and in general a>az and kg>ko’. In general, 
several terms might replace each exponential if a more exact solution were 
desired. 

The low-energy fast-neutron scalar flux due to the radiation issuing 
from the roof of a shield (the order of 2 solid angle opening) was evaluated 
to be: 


0.47 X 10-4 
bag ee ee Nn gat ote 


” Tr 
Here the effective neutron source strength in neutrons/sec is denoted by 
qg* =[aN,8(yQ)]/4rS where N, represents the number of protons or other 
high-energy primaries incident per second on the target area, a represents 
the fraction of the incident beam that is converted in the effective target 
area, 8 represents the buildup factor for low-energy fast neutrons escaping 
per interacting primary, Q represents the solid-angle opening for escaping 
neutrons, and ¥ is a correction factor for anisotropic sources which appropri- 
ately modifies the original source strength so that the effective isotropic 
source strength is obtained. S is the factor by which the escaping low- 
energy neutrons are attenuated by whatever roof shielding exists, and S can 
be less than 1 if the roof shield is thin enough to act as a converter. 
Observations of sky shine at the Brookhaven Cosmotron as a function of 
distance from about 100 to 800 ft at various angles ranging from about 10° 
from the forward beam direction to angles near the backward direction have 
revealed a more or less constant sky shine radiation dose which does not dif- 
fer by more than a factor ~2 from the forward to the backward direction 
and which decreases approximately as 1/r, the decrease becoming noticeably 
faster after 500 ft. The absolute monitoring and relative accuracy of these 
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measurements are probably not known better than within a factor of 2; 
therefore, we have not been able to determine the exponential term ac- 
curately. However, one can say that an exponential decay distance of 1000 
to 2000 ft is not inconsistent with the data. Furthermore, reasonable agree- 
ment (within a factor ~2) was found between the measurements and theo- 
retical estimates from the above theory. 

The shielding attenuation factor of even an infinitely effective barrier 
with an open roof is limited to the ratio of the sky shine to direct flux. For 
distances less than 100 ft we can neglect the exponentials, and therefore this 
ratio is approximately 0Kr/4rD=r/400 for low-energy fast neutrons. 

To obtain the above we assumed 2/44 ~1/2 (i.e. open upper half plane). 
Hence at small distances from the source (~25 to 50 ft), at the Cosmotron 
the sky shine is ~6 to 12 per cent of the direct unshielded radiation when 
the target does not have a roof. Hence at ~25 to 50 ft from a target (typical 
distances at the Brookhaven Cosmotron and other accelerators), an infinite 
shielding barrier reduces the low-energy fast-neutron component by only 88 
to 94 per cent. For high-energy particles greater than about 100 to 500 Mev, 
the mean free path is ~7 to 10 times larger than for low-energy neutrons; 
hence the effective value of D is decreased by about an order of magnitude 
and we have sky shine/direct fluxr/4000, with r in ft. 

At the Brookhaven Cosmotron before the new roof shielding was in- 
stalled (1958), the estimated sky shine radiation level at distances of 50 ft 
from a standard beryllium target (in which one-third of the beam interacts) 
was ~3 mrem/hr for an average intensity ~2X10° protons/sec (energy 
3.0 Bev). In a 40-hr week this level will result in exposure of 120 mrem 
which is greater than the maximum permissible average integrated dose 
from age 18 onward (100 mrem/week). For heavy-element targets the sky 
shine increases by another factor of 5. Similar difficulties with sky shine 
have been observed (28) at the Bevatron. Therefore since both the Cosmo- 
tron and the Bevatron are capable of operating at proton fluxes 4X 10!°/sec 
and are expected eventually to attain intensity levels at least 3 to 5 times 
higher than this, eventually it is evident that roof shielding is required from 
the sky-shine point of view. Relatively little roof shielding would be required 
for a low-energy neutron source because of the short mean free path. How- 
ever, in practical cases involving high-energy accelerators (one to several 
Bev), there is a considerable high-energy radiation component upward from 
the target. When a roof shield is added, these high-energy particles attenuate 
with rather long mean free paths and build up an equilibrium component of 
several low-energy neutrons per high-energy nucleon which emerge from 
the end of the roof shield. This means that rather thick roof shields will be 
required at the high-intensity machines. As a matter of fact, to the extent 
that the effective mean free path for removal of the high-energy nucleons 
striking the roof is the same as for those striking other parts of the shield, it 
is easy to show that in a well-designed shield which is not to be sky-shine- 
limited, there will be approximately constant differences of a few feet of 
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heavy concrete between side walls and roof for an accelerator like the Cosmo- 
tron, for example. Therefore, if a thick side wall shield is contemplated, the 
roof shielding required becomes almost comparable. 

A problem similar to sky shine is leakage under a shield when a concrete 
(especially heavy concrete) or iron shield is placed around an accelerator 
at or near ground level and the shield extends upward from the ground level 
only. Then there obviously is a leakage path downward from the accel- 
erator through the less dense earth“ and then upward again at the outside 
of the shield. For any given accelerator shield the leakage-path geometry 
results in a sizable effective attenuation; however, the effectiveness of the 
above-ground relative to the below-ground shielding increases both with 
increasing shield thickness and, for a given shielding attenuation, with the 
density of the above-ground shielding material. The net result is that for a 
specific accelerator geometry and a given choice of above-ground shield ma- 
terial, there is a critical above-ground shield attenuation beyond which fur- 
ther increases will be less effective because of ground leakage. If a less dense 
shield were used, the critical attenuation would obviously be accordingly 
greater. Actually, in cases where this problem becomes important, building 
a deep concrete foundation for the shield into the ground will solve the 
problem. Also if advantage can be taken of rock foundations, the problem 
will be alleviated. One should note that the choice of density of the shield 
material should also be considered in terms of the projected intensity of the 
accelerator design and the resultant possibility of difficulties caused by the 
ground leakage. This problem has to be taken into account also in the design 
of experimental block houses of high shielding attenuation in external beam 
areas of accelerators. 


SPECIAL SHIELDING CONSIDERATIONS FOR FM CycLotTrons 


Since a major share of shielding measurements for the FM cyclotron 
range was made at Berkeley, we will treat this cyclotron as a typical case. 
The shielding measurements connected with the original operation of the 
Berkeley FM cyclotron up to a deuteron energy of 200 Mev (17, 18) showed 
that the 200-Mev deuterons gave rise to a conical spray of fast neutrons with 
an upper limit of neutron energy somewhat above 100 Mev when a target of 
high atomic number was used. The angle of the cone from the peak intensity 
per sterad at beam axis to the half intensity value was about 5.5°. These 
neutrons, due primarily to the stripping reaction, had an energy spectrum 
peaking somewhat below 100 Mev. Later, when the Berkeley FM cyclotron 
was converted to 340-Mev proton operation, the forward beam cone of 
neutrons had a mean energy ~270 Mev, and Moyer (22) found that the 
relative yield per unit solid angle of neutrons over 50 Mev had a peak at 
0° and fell to half value at ~25° and to ~1 per cent +1 per cent at 85°. 


4 The earth has a density p~100 Ib/cu ft, while ordinary concrete has p~150 
Ib/cu ft, heavy concrete (Ilmenite) p~250 Ib/cu ft, and iron p~500 Ib/cu ft. 
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Hence this forward cone from a target is a general characteristic of FM 
cyclotrons and requires special attention in shielding designs. 

The roof shielding problem.—As reported (18), three separate courses of 
shielding finally placed in total a 15-ft wall of ordinary concrete around the 
Berkeley FM cyclotron plus a 7.5-ft concrete cube in the forward direction 
to reduce the radiation levels in this forward beam. Although the highest 
radiation levels existed in the forward direction of the beam, moderately 
high levels existed in the backward direction because of circulating protons 
striking part of the Dee structure. For this and other reasons the actual 
shielding design adopted placed 15 ft of ordinary concrete walls around the 
machine. One must remember here that once a well-balanced shielding de- 
sign for a particular setup has been obtained, increased requirements of 
shielding attenuation generally necessitate the addition of about equal 
amounts of shielding material to the radiation path lengths of the high- 
energy, cascade-controlling neutrons in the various parts of the machine. 
This means that approximately fixed differences rather than ratios tend to 
exist between various parts of the shield which are exposed to high-energy 
neutron secondaries. The roof on the Berkeley FM cyclotron was for the 
previously described design only ~4 ft of ordinary concrete. This fact led 
some time ago to some general speculation in the shielding field that the 
ratio of roof shielding to side shielding should be ~1 to 4. One must remem- 
ber here that in an FM cyclotron the high-energy particles issuing upwards 
from an internal target are particularly well shielded by the huge mass of 
iron in the yoke and magnet pole tips. This of course reduces the apparent 
shielding requirements on the roof. Observations of this effect have been 
made at the University of Chicago synchrocyclotron (29) where ten times 
tolerance level was observed above a 5-ft concrete roof over an external 
cyclotron beam area even though the beam intensity was only 10" protons/ 
sec, i.e. ~1/60 the normal peak internal intensities which are of the order of 
0.1 wa and are thus comparable to Berkeley FM cyclotron intensities. 

The shielding characteristics and experiences of the FM cyclotrons at 
the University of Chicago, Columbia University, Harvard University, Uni- 
versity of Rochester, and Carnegie Institute of Technology are described in 
(29 to 33). 


SPECIAL SHIELDING CONSIDERATIONS FOR WEAK- 
FocusING PROTON SYNCHROTRONS 


The previous shielding experience (as of 1957) at the Brookhaven Cos- 
motron, a 3.0-Bev (weak-focusing) proton synchrotron, and that of the 
Berkeley 6.0-Bev Bevatron (also a weak-focusing proton synchrotron) are 
described in (20) and (28), respectively. Both proton synchrotrons experi- 
enced early serious trouble from lack of roof shielding, and it became clear 
that even for internal intensity levels of a few times 10° protons/sec serious 
health-hazard and experimental background problems existed without roof 
shields. At the Brookhaven Cosmotron an extensive experimental study 
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and a theoretical analysis were made to determine the characteristics of the 
radiation sources around the machine ring under various conditions (19, 20). 
The standard internal target for counter experiments is a beryllium target of 
2X2 in. cross section perpendicular to the beam and 6 in. along the beam, 
and it is usually placed in the east straight section of the Cosmotron. About 
4 of the beam interacted in the target. Since for most targets used the thick- 
ness is <1 mean free path, >} of the primary beam does not interact with 
the target but loses energy in it, and also some of the beam scatters via 
shadow scattering and multiple Coulomb scattering. The energy loss intro- 
duces a change of mean radius of the noninteracting beam which depends on 
the thickness of the target. For the standard (2X2 X6in.) beryllium target at 
a 350-in. radius (normal inside target position) this results in a sizable por- 
tion of the noninteracting primary beam striking the inner wall of the Cos- 
motron at a mean azimuthal angle ¢ ~75° downstream of the target posi- 
tion. The Landau effect in energy loss and the radial oscillations of the 
beam lead to an azimuthal distribution of this secondary target hot spot over 
a range of +5 to 10 ft around its main position on the inner magnet wall. 
Perhaps ~} of the initial beam is dumped into this well-defined secondary 
target area. In addition the shadow- and Coulomb-scattered primary beam 
which went through the target will be spread over a much wider area and 
much of it will strike the vacuum chamber and magnet steel above and below 
the median plane, and a good fraction will spill outward radially from the 
machine. For most practical target situations including practical backup 
target techniques, @ will be in the range of ~30 to 120° downstream from 
the target. The secondaries from these hot spots will also spread the effective 
source size by interacting, themselves, with the magnet steel. In addition, as 
previously mentioned there will be a comparable amount of primary beam 
distributed around a larger area of the machine. From plots of the radiation 
intensities in the median plane resulting from the standard 2X2X6 in. 
beryllium target, one can clearly deduce that for ¢~90° downstream from 
the target the radiation level is ~} the level near the target. On the other 
hand for 120°<¢<340°, the radiation level is £1/7 to 1/20 that near the 
target. Measurements inside the C magnet ring give levels <1/10 to 1/50 
those measured outside the ring, and hence it is clear that high levels outside 
the ring away from the target (6>90°) are not caused by indirect radiation 
proceeding from the target but rather by primary and secondary beams 
spread around the machine. Since it was decided to restrict most high-inten- 
sity targeting operations to the south and east straight sections, it was pos- 
sible in view of the above considerations to break up the design for the re- 
cently (1958) installed basic machine shield into a thicker half and a thinner 
half differing in shielding attenuation by a factor ~20. The Brookhaven 
Cosmotron shielding is shown in Figures 11a and 11b. 

Although the secondary beams emanating from the target in the forward 
direction require much more shielding material along their path than the 
wide-angle beams from the target, it turns out that shieldings calculated 
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for the wide-angle beams incident nearly normally on the circumferential 
shield are adequate for the forward beams which are incident very obliquely. 
The radiation and general characteristics of the Cosmotron shielding were 
designed by the author (20) and the mechanical and structural designs 
made by M. Karelitz, L. Smith, and J. Lancaster (34). The roof thickness was 
chosen not only to prevent excessive sky shine but also to protect personnel 
on the balconies around the machine from direct radiation. This latter re- 
quirement is the dominant one. Provision has been made for replacing some 
of the concrete over the south and east straight sections with steel when the 
machine intensity approaches ~10" protons/pulse (i.e. 2X10" protons/ 
sec). The Cosmotron shielding was designed (20) to keep outside radiation 
levels to ~7.5 mrem/hr, and measurements to date indicate that its per- 
formance is as expected. 

One important characteristic of the Cosmotron is the external beam 
ejection system which allows ~} to } the internal circulating beam to be 
ejected externally into a well-defined focused beam <1 in. diameter and 
delivered by a beam transport system to various targets in the new experi- 
mental-area building extension as shown in Figure 11a. Three external 
beams I, II, and III have been extracted from the machine. The basic tech- 
nique consists of using a beam jump target which by ionization loss causes 
a radial oscillation whose maximum inward excursion is ~3 in. and occurs 
~180° radially or ~360° azimuthally, at which point (i.e. location of jump 
target) it enters a deflecting magnet located radially inward from the jump 
target and via a pulsed field applied to the ejection magnet causes an out- 
ward bend in the particle trajectory sufficient to make it leave the machine 
through a magnetic-shim-corrected exit in the fringing field, which is located 
in a pump hole ~90° downstream from the ejection magnet. As shown in 
Figure 11a these external-beam areas involve vast complexes of shielding 
in addition to the basic machine shield. Furthermore, practically all schedul- 
ing at the Cosmotron is for external-beam experiments. The shielding of the 
external-beam areas is not a fixed installation but is, of course, dictated by 
the precise requirements of the beam and experimental detection character- 
istics in each area, and designs for each area are tailored to requests by indi- 
vidual experimental groups. Some general characteristics which are common 
to all these external-beam problems are: 

(a) Most of the external beams use vacuum piping to lead the proton 
beam from the Cosmotron to the external target area. This is necessary to 
reduce increases of beam size due to air scattering, general background radia- 
tion due to interaction of the beam with air nuclei (mean free path of beam 
~2500 ft in air), and also the resultant attenuation of beam intensity. 

(b) The shielding between the Cosmotron and the final high-intensity 


15 Radiation level and other Health Physics measurements and control were per- 
formed by Cowan, Faust, Bishop, and other members of the Brookhaven Health 
Physics Group, and the author wishes to acknowledge the cooperation of the Brook- 
haven Health Physics Group in AGS measurements to be reported later. 














Fic. 11a. Cosmotron shielding (top view). The basic squares of the scale grid represent approximately 10’ X10’. 
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Fic. 11b. Cosmotron shielding (cross section of the main shield—thicker half). 


beam target areas need only be sufficient to contain radiation scattering 
from secondary centers and back scattering from the main target areas, and 
also to provide protection against accidental movement of beams because 
of magnet current changes. All beam paths including those in transit areas 
are roofed over. 

(c) The high-intensity target areas are usually characterized by a shield- 
ing block house which contains a rather thick shield (2 18 mean free paths) 
in the forward direction to dispose of the high-energy primary protons which 
do not interact in the target, less heavy side walls comparable with side 
walls of the main Cosmotron shielding, and shielding roofs again comparable 
with the main Cosmotron shielding roof. These rather substantial shielding 
requirements in the external beam are easy to understand when one remem- 
bers that ~} to } of the internal beam is ejected and that the high-energy 
primary and secondary radiation in the forward direction requires more 
shielding than the wide-angle secondaries. One should note that practically 
all final primary and forward secondary beam disposal is handled in the indi- 
vidual beam blockhouses, as indicated above. The author’s philosophy has 
always been that for high-intensity external beam operations this is the 
practical and economical solution in most cases. In the early history of our 
external beam operations, final disposal of the forward primary and sec- 
ondary beams was in most cases left to an external earthen beam catcher 
erected in the back yard. [See (20) for details of this.] 

The shielding of the 6-Bev Berkeley Bevatron is described by Moyer 
(28). The major part of the concrete wall has a thickness of 5 ft and is about 
15 ft high. Except for the center section of the wall around the median plane, 
which is concrete of density 3.5 g/cu cm, the rest is ordinary structural con- 
crete of density 2.4 g/cu cm. In the vicinity of the west tangent tank which 
is the principal target region, the shield wall is 10 ft thick. There is no roof, 
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and radiation measurements have shown this to be the major deficiency of 
the shield. The same general characteristics of secondary hot spots which 
were observed at the Cosmotron were also observed at the Bevatron. Some 
experiments with clipper targets placed to intercept the particle flux pro- 
ceeding toward these hot spots were also recorded. 

For descriptions of the shielding designs of the Princeton 3.0-Bev and 
the Argonne 12.5-Bev proton synchrotrons, which are under construction, 
see (35, 36). 


SHIELDING CONSIDERATIONS FOR STRONG-FOCUSING 
PROTON SYNCHROTRONS 


Two high-energy, strong-focusing alternate-gradient proton synchrotrons 
(AGS) have come into operation recently. First the CERN 28-Bev proton 
synchrotron (1959) and shortly thereafter the Brookhaven 33-Bev AGS 
(1960). These machines represent unique shielding problems both because 
of their size and their energy. The Brookhaven AGS has a circumference 
~2600 ft, and its very size necessitates burial of the machine to provide the 
bulk of the shielding (37) for other than explicit target areas. 

In the Cosmotron and Bevatron the radial betatron wavelength is about 
twice the circumference of the machine; therefore, depending on target 
thickness, the beam that has been scattered or degraded in energy in a target 
can be intercepted by a clipper target (or inside walls) located downstream 
~90° to 180° of radial phase or ~180° to 360° of machine azimuthal phase 
(2 half the machine). Only a fraction of the beam will be stopped by a clip- 
per target. Hence, as we have previously seen, at least the first half of the 
circumference is a source of high radiation intensity, and even the second half 
contains ~10 per cent of the source strength. Fortunately, in the case of the 
AGS machines, the betatron wavelength is a small fraction of the circum- 
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ference [~1/9 in the Brookhaven machine (37)]. Therefore, by arranging clip- 
per targets to clean up the beam issuing from a target within a betatron 
wavelength or at most two, one can dispose of the beam locally; a localized 
shielding arrangement can then be built. The striking success of the phase- 
lock radiofrequency system both at CERN and Brookhaven has made it 
possible to think in terms of accelerating practically all of the initially cap- 
tured beam without appreciable loss until it is delivered onto a target. This, 
of course, makes it easier to apply clean-up-target techniques in a well- 
shielded area. The first shielding layout of the target building at the Brook- 
haven AGS is shown in Figure 12. The CERN shielding is generally similar 
in principle. 

Although there is still considerable uncertainty about the mean free 
paths for removal of high-energy nuclear particles and about the buildup 
factors to be used in this high-energy region, one striking fact that has been 
established at both Brookhaven and CERN is that the muon shielding prob- 
lem is a dominant one in all cases where forward-direction beams are inci- 
dent normally on the shielding walls (i.e. the ‘‘L’’-shaped section of the 
shield at AGS). Hence, for the first time, nuclear particles do not necessarily 
control the ionization attenuation with distance. Obviously, the muon prob- 
lem will become even worse at still higher energies and, unfortunately, is 
expected to be the most difficult shielding problem even in the high-energy 
electron accelerator proposed by Stanford. 

The interaction of the primary protons (E~30 Bev) in a target leads to 
a number of high-energy neutrons, protons, and pions which in the forward 
direction have typical energies of a few Bev to ~20 Bev. Since the ionization 
range of these high-energy nuclear particles is very large (~4 to 5 ft of 
heavy concrete per Bev), it is no longer true that the neutrons alone control 
the nucleonic cascade except in the case of exceedingly thick shields. Hence 
the nucleonic cascade within the shield is fed by a mixture of nucleons and 
pions. The pions which are created in the target decay in the drift space be- 
tween the target and the beginning of the shield with a mean free path for 
decay of ~180 7 ft, where 7 is lab momentum in Bev/c. Once the pions 
enter the shield wall they still continue to decay but they are interacting 
with a nuclear cross section and they are being removed from the beam or 
degraded in energy with a mean free path of 1 to 1} ft in heavy concrete. 
Hence, the effective distance for decay of pions to muons inside a shield is con- 
tained within the first few feet. In general, therefore, the major contribution 
to muons comes from the generally large drift spaces between target and 
shielding. The muon problem can be enormously improved and in some 
cases solved by the appropriate placing of shielding material right near 
sources to attenuate the pions by nuclear interactions before they can decay. 
However, for various practical reasons this solution is in many cases only 
partly applicable. At least some qualitative consideration of the muon prob- 
lem is therefore necessary. 
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Let us arbitrarily assume that as a result of the geometry of the drift 

space in which the muons decay and the properties of the pion spectrum, 
10~* of the beam particles incident on the beginning of the shield make muons 
of kinetic energy 25 Bev. These muons will be stopped almost exclusively 
by ionization loss. Therefore, they will have a path length through the shield 
of 2 20 ft of heavy concrete. Such a shield would represent 2 14 mean paths 
for attenuation of nuclear particles (assuming A, ~1 to 1} ft). Since e~ is 
~10~*, it is obvious that, even if a few mean free paths are allowed for 
transition and buildup effects at the beginning of the shield, the subsequent 
exponential decrease in ionization due to nuclear attenuation will bring the 
flux of nuclear particles below the level of the muon flux in such a shield. 
Thereafter, with increasing shield thickness there will be only a slow decrease 
of ionization density with distance due to the stopping of the slower muons. 
At this point the muon flux is large compared to the nuclear-particle flux and 
this condition will persist until the thickness of shield is sufficient to stop 
enough muons so that once again the nuclear particles (now mostly neutrons) 
begin to predominate. Thereafter, depending on the exact muon spectrum, 
there will generally be a huge drop in ionization density in the region where 
the muons are stopped since one will go from the ionization density asso- 
ciated with the muon numbers to the nuclear particle ionization density asso- 
ciated with the tail of the nucleonic cascade. At the Brookhaven AGS the 
muon problem has dominated the ionization density in the 16-ft heavy con- 
crete wall (see Fig. 12) placed so that the forward beams from the target enter 
it at nearly normal angles; originally it led to high radiation levels and un- 
desirable experimental background. Yet, only a 10-ft heavy concrete wall 
which is tangential to the machine and which the forward beams from the 
target enter nearly tangentially has eliminated troublesome radiation or back- 
ground levels. This demonstrates the importance of shield geometry where 
muons are a problem. One should note here that the secondary particle 
beams from ~30-Bev protons are very markedly peaked forward in angular 
distribution and also that the energy spectrum is a rapidly decreasing func- 
tion of angle. Therefore, long shields parallel to the machine circumference 
are strikingly more efficient for the same thickness than shields normal to the 
forward beam. 

Citron, Gentner & Sittkus (38) have analyzed the shielding problem in 
the early phases of the CERN proton synchrotron design study. They used 
as a basis cosmic ray data plus various simplifying assumptions for con- 
venience. Their analysis is of considerable interest and contains many useful 
points. However, it appears in the light of more recent information to be 
deficient in the following major respects: (a) underestimate of the muon 
problem; (b) use of what is very probably a substantially too long mean free 
path for removal (A, of 220 g/sq cm was used); (c) the angular distribution 
of the penetrating particles which appears from experiments at Brookhaven 
and CERN to be more peaked forward than was assumed. 
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SHIELDING OF ELECTRON ACCELERATORS 


Because of the space limitations on this article the treatment of electron 
accelerators will necessarily be brief and restricted to the most important 
features. We shall, in particular, review the shielding problems connected 
with the newer types of higher-energy electron accelerators such as the 
Cambridge 6-Bev electron synchrotron which is under construction and the 
proposed 45-Bev Stanford linear accelerator. When the primary electron 
beam in an electron accelerator is incident on the target, it creates the well- 
known continuous spectrum of bremsstrahlung which extends up to the ini- 
tial energy of the electrons. The typically sharp forward collimation of the 
higher-energy portion of the bremsstrahlung is such that at the Cambridge 
electron accelerator ~90 per cent or more will be contained within a cone 
about the beam direction of about 4X10~ radians (0.02°) half-angle. The 
intensity of the X-ray beam depends on target thickness and material. Liv- 
ingston points out (39) that the maximum that has been achieved in prac- 
tice with synchrotrons is ~20 per cent electron beam power converted to 
gamma radiation. 

Although one might offhand think the shielding problem for electron ac- 
celerators is vastly different from that for proton accelerators, it turns out 
there is an intimate relationship between them. This comes about because 
the radiation lengths and effective attenuation lengths for the electron- 
photon showers are much smaller than the neutron attenuation lengths for 
practical shielding materials including earth, concrete, iron, and other 
metals. Therefore, since neutrons (and other nuclear particles) are produced 
by gamma radiation with a cross section which can be crudely characterized 
by ~1/137 the nuclear cross section, it is clear that neutrons (and perhaps 
other nuclear particles) will dominate the shielding problem. Livingston 
(39) has discussed several analyses by Williams (40) and various other con- 
siderations of the shielding problem for the 6-Bev Cambridge electron ac- 
celerator which is under construction. The most probable process in the tar- 
get and the shield walls of this accelerator is star formation which, in heavy 
nuclei, leads to the emission of neutrons, protons, pions, and other nuclear 
fragments. Williams has used a three-group treatment to treat the nucleonic 
cascade developed by the gamma radiation. These groups are: 

(a) low-energy neutrons similar to cyclotron-produced neutrons which 
have a peak in energy at ~2 to 3 Mev; 

(6) high-energy neutrons ranging from 40 to 300 Mev with the charac- 
teristic energy ~100 Mev; 

(c) neutrons, protons, and pi mesons with an energy of about > 1 Bev. 
The rate of production of low-energy neutrons is estimated to be about 2E 
neutrons per electron where E is the electron energy in Bev. The angular 
distribution is assumed to be isotropic. For high-energy neutrons the esti- 
mated production rate is 1.7X10-°E/electron. The angular distribution is 
nearly isotropic with a forward maximum such that 50 per cent are centered 
within a forward cone of about 25° half angle. 
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Group (c), the nucleonic type of radiation in the Bev region, originates 
primarily through photoproduction of pi mesons. The estimated intensity 
of this group is about an order of magnitude less than that of the high-energy 
neutron component. The interaction of the high-energy pions with matter 
produces more nucleons as well as degraded-energy pions. The final con- 
clusion is that shielding thicknesses needed for proper attenuation of the 
neutrons are more than sufficient to contain the gamma-ray radiation. For 
the details the reader is referred to (39, 40). However, one point might be 
worth noting here, namely, that the accelerator is located in an underground 
shielded tunnel near the Harvard cyclotron. 

The shielding problems and design for the Stanford two-mile linear elec- 
tron accelerator which Panofsky (41) has reported will be summarized. 
The extensive showers generated when a 45-Bev electron interacts with 
matter are a combination of soft and penetrating components. Panofsky and 
co-workers divide the processes into the following categories: (a) production 
of low-energy photoneutrons in the 10- to 80-Mev region by gamma rays in 
the photon-electron (i.e. soft) showers, (b) production of photoneutrons of 
energy >80 Mev, (c) photomeson and associated nucleon production, 
(d) muons from pion decay, (e) penetration of the soft electron showers, 
(f) penetration of the nucleonic cascade, and (g) neutron air scattering. 

The low-energy photoneutron production is calculated by shower theory, 
with due regard for the fact that the “giant resonance” cross section peaks 
sharply at a photon energy ~20 Mev. The resulting estimates are 34 neu- 
trons/electron in concrete (or earth), 25 neutrons/electron in iron, 18 neu- 
trons/electron in lead. 

The high-energy neutrons of E>80 Mev are produced by the direct photo 
effect and their production is calculated by an effective-deuteron model. 
The calculated results for the various groups of neutrons in the total neutron 
flux per incident electron as a function of depth in concrete are shown in 
Figure 13. For a primary electron beam of 2X10" electrons/sec ~3 ya, 
Panofsky concludes that the shielding requirements transverse to the beam 
are determined primarily by the neutron flux and are ~22 ft of ordinary 
concrete, or 29 ft of earth, or 15.5 ft of ferrite concrete, or 8 ft of iron. 

Even in the calculations for the “in line” forward direction shielding, 
the nucleonic component requires considerably more shielding than the pho- 
ton-electron cascade. The estimated required thicknesses which are consid- 
erably greater than for the transverse component are 35 ft of ordinary con- 
crete, or 45 ft of earth, or 25 ft of ferrite concrete, or 12.3 ft of iron. 

The muons from the decay of photo-produced pions will, according to 
Panofsky’s estimates, require considerably more in-line shielding than the 
nucleons; Fermi’s theory of multiple pion production was used and a drift 
space of only 3 ft was assumed before the beginning of an iron absorber 
placed close to the target to absorb pions before they decay. Panofsky finds 
that if one wishes the safe side of the shield to be ~50 to 100 ft from the 
target, ~20 to 40 ft of iron (depending on the exact assumptions made) in 
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Fic. 13. Total number of neutrons per incident electron surviving at a depth 
(in ft) in concrete. Includes neutrons of all energies to be considered for shielding re- 
quirements transverse to the beam—from Panofsky (41). 


addition to a basic 15-ft shield wall of ferrite concrete (density 3.2) are 
required. However, since the high-energy muons are expected to come out 
in a cone with a half angle of 7° to 15° depending on the energy, Panofsky 
has estimated that the additional iron required for the muons can probably 
be fabricated in a cylinder with a base diameter of 6 ft which can precede 
the ferrite wall. 
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A general summary of shielding experiences and designs in several other 
existing electron accelerators can be found in references (42 to 47). At this 
point the author would like to express his regrets for not having been able to 
discuss all existing accelerator shieldings. Selections obviously had to be 
made on the basis of space limitations of this article, general applicability of 
the material, and the availability of detailed information to the author. 


SHIELDING MATERIALS 


The specific choice of a shielding material depends on many factors 
including: 

(a) The macroscopic inelastic cross section 2;=No; where 2; is in 
cm™!, N is the number of nuclei/cu cm and @; is the inelastic cross section 
per nucleus. If o; is proportional to A*?/* then 2,«p/A® (where p is the 
density and A is the atomic number) is a figure of merit for removal of high- 
energy neutrons in a thick shield (i.e. A, is of the order of 1/ 2;). The above 
relationship is almost literally true for neutrons of sufficiently low energy, 
i.e, <100 Mev over the range of nuclei where the range of transparency 
effects is small. In these cases the existence of additional nucleons in the 
nucleus, which are shadowed by the first nucleons which are struck, does not 
add to the shielding effectiveness since one collision is sufficient for effective 
removal of a primary. Of course, at high enough energies, where many col- 
lisions may be necessary to remove a primary effectively, especially in the 
part of the shield which is near the source side, this simple relationship does 
not hold. Berkeley data illustrating this type of behavior are plotted in 
Figure 14. 

It is clear that the combination of high density and low atomic number 
is desirable for shields. For this reason and also because of the relatively 
lower cost, iron is the most popular of the metals for high-energy nucleon 
shielding. 

(b) Radiation length—In shielding for electron and photon sources of 
radiation, \, ~radiation length. Hence lead is a very popular material from 
this point of view. However, as one can see by comparison of Table V with 
Table II, almost all practical shielding materials have radiation lengths 
considerably less than their mean free paths for removal of high-energy 
neutrons; also, we have seen previously that the shield thicknesses, where 
large shielding attenuations are required, are determined by the neutron 
attenuation characteristics. It therefore is clear that the radiation length 
characteristic is not so important in these cases. 

(c) Engineering convenience, availability, and cost—These are the most 
decisive criteria in the selection of a shield material when large quantities 
are involved. They, in combination with requirements (a) and (0), generally 
speaking make concrete and earth the most generally used shielding mate- 
rials. 

Davis (48) has extensively discussed and summarized the properties and 
costs of many commonly used concretes. Three of his points that are par- 
ticularly worth noting for the present purposes are: 
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(ionization chamber detectors)—from Patterson (18). 














TABLE V 
RADIATION LENGTH VERSUS MATERIAL 
Density Radiation length 
Material 
g/cu cm Ib/cu ft g/sq cm ft 
Ordinary concrete 2.3 145 25 0.36 
Ferrite concrete aun 200 19 0.19 
Ferrite loaded concrete 4.25 265 17 0.13 
Earth 1.8 112 25 0.45 
Iron 7.8 490 14.4 0.060 
Lead 11.3 700 5.9 0.019 
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(i) Radiation damage limit on the lifetime—Experiments demonstrate 
that concrete will have a life of at least ten years in a flux of ~10" neutrons 
/sq cm/sec. This corresponds to a minimum integrated flux of ~3X10'* 
neutrons/sq cm. 

(ii) High-temperature damage.—High-temperature damage occurs when 
excessive temperature rises or gradients occur in the shield. Lane (49) has 
concluded that the maximum tolerable heat flux on the inside of a concrete 
shield is about 100 Btu/hr/sq ft or 2X10" Mev/sq cm/sec. This gives about 
a 50°F rise in the shield. 

(iii) Water content.—As previously noted, about 4 per cent by weight of 
water content is required in concrete shields to obtain the minimum mean 
free path for removal of low-energy fast neutrons. The author has already 
estimated that water contents ~1-—2 per cent are adequate for high-energy 
shields. Davis points out that only part of the water added initially to a con- 
crete mix is fixed or chemically bound in the hardened cement paste, and 
part is evaporable. Actually, ten or twenty years may be required for all 
the evaporable water to diffuse through a thick shielding wall at low tem- 
perature and considerably less time when the shield is exposed to high tem- 
peratures. A complete analysis of the water content variation is presented 
by Davis. 

Lancaster (50) has extensively analyzed the cost and other properties 
of various types of concrete in conjunction with a design study for the Brook- 
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haven AGS. Figure 15 depicts cost in dollars/cu yd versus density in Ib/cu 
ft based on published data. He concluded that the most advantageous 
density considering cost and volume was in the range of 240 to 250 Ib/cu ft. 
This point is graphically illustrated in Figure 15. He also pointed out the 
competitive status of Canadian Ilmenite ore (92 4.7) for use in the north- 
eastern United States. For several high-energy accelerator shields, advan- 
tage has been taken of this. Lancaster and others have pointed out the reduc- 
tions in cost that would be made possible by relaxing dimensional tolerances. 
Exact detailed engineering design of a shield is of course a complicated 
problem which cannot be treated here. 

The factors involved in the choice of a location for an accelerator and 
also other general factors connected with shielding design have been dis- 
cussed by a panel with Haworth (51) as moderator. 


SHIELD BLock DEsIGN, CRACKS, AND COLLIMATOR 


Although some or even many parts of a shield can be constructed of a 
fixed, nonremovable wall, it is generally common in high-energy accelerator 
shields to have at least a considerable portion of the shield constructed of 
removable blocks. Exact prescriptions for designing blocks do not exist, and 
the individual designer usually relies on various rules of thumb based both 
on analysis and experience. Since concrete is the most generally used shield- 
ing material, let us consider some of the most common factors in concrete 
block design for high-intensity accelerators. 

(a) The basic block weight is, where possible, usually chosen to equal the 
crane capacity available, in order to minimize assembly and de-assembly 
time. Of course, in many cases, considerably less than crane capacity is 
chosen for some or even all of the blocks if smaller sizes are required for 
other reasons. 

(b) The block design should allow for a sufficient number of separate 
blocks in the wall thickness, placed so that the cracks are not in line with each 
other. In the author’s opinion it is generally more satisfactory to limit block 
thickness to £3 to 5 mean free paths when the more or less standard block 
tolerances ~} in. to } in. are used. If the individual block thickness is al- 
lowed to become too large, the crack leakage can lead to serious local hot 
spots and can also considerably reduce the calculated attenuation of the 
block. It is also considered by the author to be good practice to choose the 
cross-sectional area of a block such that the circumference (in a plane normal 
to the thickness dimension) multiplied by the average crack dimension (i.e. 
the crack area) is at most a few per cent of the block cross-sectional area. 
Then if the cracks are staggered so that they are not in line by at least a few 
inches, a reasonable block design for general purposes will in the author’s 
opinion be obtained. Most of us are aware that beam channels through the 
shielding will lead to high-intensity radiation levels in line with the beam 
direction. What is perhaps not so generally realized is that in a high-intensity 
accelerator, beam channels can also lead to high radiation levels in the gen- 
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eral area surrounding the accelerator which is not in line with the beams. 
The mechanism for this spreading of the radiation is both via air scattering 
(i.e. sky shine) and scattering from other materials such as walls and roofs. 
One technique which can reduce these effects when only narrow momentum 
intervals of charged beam are required externally is to analyze the beams 
magnetically inside of the shield so that a straight-through channel looking 
at the target is avoided. Double magnetic deflection will help even further. 
However, even with analyzed charged beams, if the beam intensity is high 
enough, the whole beam area may have to be treated as a new source of 
radiation and enclosed with additional shielding. Techniques similar to those 
which were used to estimate sky shine effects can also be used for estimating 
the scattered radiation from the beam channels. 
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NEUTRON CAPTURE GAMMA RAYS! 


By G. A. BARTHOLOMEW 
Neutron Physics Branch, Chalk River Project, Atomic Energy of Canada Limited 


I. INTRODUCTION 


Studies of neutron capture y rays have contributed to our knowledge of 
neutron separation energies, y-ray transition probabilities, decay schemes, 
and properties of nuclear energy levels and have shed light on a number of 
other aspects of the broad problem of nuclear structure. However, for vari- 
ous technical reasons certain areas of the field have received much more at- 
tention than others and our knowledge of the y radiations is still far from 
complete. 

A glimpse of the present development of these studies and some insight 
into the technical problems may be obtained from a consideration of the 
use that experimenters in the field have made of various techniques of 
‘y-ray spectroscopy. As we shall see below, various types of precision spec- 
trometer have been employed and a large amount of data concerning energies 
and intensities has been accumulated. On the other hand, only moderate use 
has been made of techniques for measuring -y coincidences and angular cor- 
relations, y-ray circular polarization, and internal conversion coefficients. 
Little or no use has been made so far of methods for detecting directional 
polarization correlations, electron pair correlations, delayed coincidences, 
resonance fluorescence, or neutron-gamma-ray angular distributions. In this 
review I shall attempt to account for this pattern of development, to give a 
résumé of the experimental results obtained with each of the various tech- 
niques and, wherever possible, to indicate the types of experiment which will 
probably receive concentrated attention in the near future. 

In surveying the results of neutron capture y-ray measurements it is nec- 
essary to recognize two categories: (a) General nuclear data such as neutron 
cross sections, reaction Q values, and spins and parities of energy levels. The 
present development of the art of making such measurements will be out- 
lined, but no attempt will be made to relate such data to current theories of 
nuclear structure. (6) Information on the spectral distributions of capture y 
rays, transition probabilities of primary neutron capture y rays, and the 
mechanism of neutron capture. These data are more specific to the neutron- 
gamma (m, y) process itself and concern matters about which studies in other 
fields may have had less to say. In these areas experimental results will be 
compared with theory. 

The field of neutron capture y rays naturally divides into two distinct 
areas depending on whether the neutrons have thermal (<0.025 ev) or epi- 
thermal energies. In the former area most of the information obtained per- 
tains to the properties of the bound levels of the nucleus and to the properties 


1 The survey of literature pertaining to this review was concluded in February 
1961. 


259 





On OE eee 





260 BARTHOLOMEW 


of the ‘‘capturing state’ which is formed at the neutron separation energy; 
in the latter most of the information so far obtained concerns the properties 
of the unbound levels. These areas will be discussed in Sections II and III, 
respectively. The theory and experimental results directly concerned with the 
nature of the neutron capture process itself will be discussed in Section IV. 

For earlier surveys of the field the reader is referred to reviews by Kinsey 
(1, 2) and Bartholomew (3) and to the Geneva paper by Groshev et al. (4). 
Compilations of neutron capture y rays have been published by Mittelman & 
Liedtke (5), Bartholomew & Higgs (6), and Groshev and co-workers (7). 
These publications together contain exhaustive bibliographies of work pub- 
lished before June 1958 approximately. 


Il. THERMAL-NEUTRON CAPTURE 
A. SUMMARY OF TECHNIQUES 


Thermal-neutron capture y rays are usually studied in one of two funda- 
mentally different experimental arrangements. In the first arrangement the 
target is placed in a region of high thermal-neutron flux and the capture y 
rays pass as a beam through a hole in a shielding wall to the experimental 
apparatus. In the second, the element under study is bombarded with a beam 
of neutrons, and the y rays emitted are detected in spectrometers placed 
near the target. Although the thermal neutrons are usually provided by a 
reactor, some experiments have used suitably moderated neutrons from a 
neutron source (8, 9) or an accelerator (10). 

The y-ray beam method is ideally suited for study of energies and in- 
tensities of capture y rays since sources of extreme intensity can be produced. 
The lateral dimension of the source is limited only by the size of the experi- 
mental hole in the pile shield, and the thickness of the source is limited by the 
self-absorption of 7 rays in the sample material. Such large sources permit the 
use of spectrometers of very high resolution and high precision, and conse- 
quently energy and intensity measurements have received much attention 
in past investigations in this field. 

The neutron beam method is essential for experiments in which the 
source of capture yy rays is required to be situated very near the detector. 
Such experiments include internal conversion measurements and coinci- 
dence and angular correlation measurements between successive y rays. 

An excellent review of the various techniques for studying neutron cap- 
ture y rays has been given by Bickstrém (11). 

1. Energy and intensity measurements—Many techniques have been 
used for studying energies and intensities of capture y rays by the y-ray 
beam method. Several methods with relatively poor resolution, among them 
absorption techniques (12), emulsions (13), and ion chambers (14), have 
been useful for determining the over-all spectral distributions averaged over 
many Y rays and for obtaining rough estimates of the upper energy limit of 
the spectrum. 

Methods involving various arrangements of scintillation spectrometers 
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are particularly suited for applications where high counting efficiency is re- 
quired, e.g., where low neutron fluxes are available or where the capture 
cross section is very low. Single-crystal NaI scintillation spectrometers have 
been used by various workers (9, 10, 15 to 21) for detection of low-energy 
capture y rays. Because of the low resolution (~5 per cent) and the inher- 
ently complicated line shape, it is difficult to resolve any but the more in- 
tense y rays by this technique. A two-crystal Compton spectrometer was 
used originally by Braid (22) and later by others (8, 23) to resolve low-energy 
rays in some of the light elements. For energies above about 3 Mev the in- 
ability to discriminate between Compton and pair events, together with a 
decreased counting efficiency, limits the usefulness of this method. A three- 
crystal pair spectrometer has been employed by Segel (24) and Treado & 
Chagnon (25) to resolve y rays at the high-energy end of the spectrum. The 
resolution of this instrument is typically 4 per cent at 6 Mev. It is particu- 
larly useful when combined with a single-crystal spectrometer in a coinci- 
dence arrangement for detecting cascade transitions (see Sect. IIA3). Single- 
crystal scintillation spectrometers with anticoincidence mantles have been 
used by Monahan et al. (26) and by Draper & Bostrom (27). Resolutions of 
about 9 per cent at 0.662 Mev and 3 per cent at 6 Mev have been obtained 
with peak efficiencies comparable to that of a single-crystal NaI spectrometer 
and with at least a twofold reduction in the low-energy tail. 

The best resolution and precision have been obtained with magnetic 
spectrometers and crystal diffraction spectrometers of various kinds. For 
full details of these instruments the reader is referred to the original papers 
and to a review by Bartholomew, Knowles & Lee Whiting (28). Only the 
salient features of their performance will be outlined here. 

The 180° magnetic pair spectrometer, originally devised by Walker et al. 
(29), has been used extensively for (, y) studies by the Chalk River group 
(6), by the Zurich group (30, 31), and by Burgov & Danilian (32). The trans- 
mission of this instrument increases rapidly with energy, changing by a 
factor of 100 between 2.75 and 10 Mev; at 5 Mev and ~1 per cent resolu- 
tion the efficiency is about 3 X 10~* counts/y-ray incident on the radiator (33, 
34). Greater efficiencies can be obtained by employing several detectors on 
each side of the radiator (31, 32). Although, in principle, this instrument can 
function at energies as low as 1.02 Mev, the rapidly decreasing efficiency has 
made it ineffective below about 2.7 Mev. An example of the spectra ob- 
tained with this instrument at 1 per cent resolution is shown in Figure 1b. 

A thin-lens 8 spectrometer has been used by Motz (35) as a Compton 
spectrometer for detection of y rays from Cd‘. Background radiation was 
suppressed by recording coincidences between the Compton electron and the 
scattered photon detected in small NaI crystals placed near the radiator. The 
resolution was about 5 per cent. 

A flat Compton spectrometer first used for (m, y) work by Groshev et al. 
(36, 37) has an energy range which covers essentially the entire range of 
neutron capture y rays from about 0.1 to 12 Mev (see Fig. 5 for examples of 
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the spectra obtained). The early instruments of this type had a resolution 
of about 2.3 per cent from 0.3 to 12 Mev and rather poorer resolution at 
lower energies. Their efficiencies were about 7X10~’ counts per incident 
photon at 5 Mev. A later version also built by Groshev et al. (38) employs 
two magnets, the first serving to focus the forward-scattered Compton elec- 
tron beam onto the entrance slit of the second which is an analysing magnet 
of r/2 type. This instrument has a resolution of 0.3 per cent above 2 Mev 
and an efficiency of about 7 X10~* counts per incident photon at 5 Mev. A 
sample spectrum is shown in Figure 1c. To reduce background effects, the 
Compton spectrometers devised by Groshev et al. use two thin-walled count- 
ers placed one behind each slit and connected in coincidence. 

A similar Compton instrument employing a single r V2 focusing magnet 
has been built by Motz & Carter (39). In this instrument, sodium iodide crys- 
tals are arranged to detect the back-scattered y quanta, and a count is regis- 
tered only when the electron and y-ray detectors count in coincidence. A 
multiple counting arrangement is used in which coincidences between either 
of two y-ray detectors and any one of four electron detectors may be re- 
corded. In typical experiments this instrument has been operated at a resolu- 
tion of about 0.5 per cent. An example of the spectra obtained is shown in 
Figure 1d. 

Crystal diffraction spectrometers of three types have been used for 
neutron capture studies. Each has unique features which suit it to a cer- 
tain type of measurement. 

The Argonne bent-crystal spectrometer (41) is a line-source transmission 
instrument which makes use of a thin, edge-on, target placed in an experi- 
mental hole of the reactor. Resolutions up to 0.3 per cent at 300 kev have 
been achieved. This instrument is ideally suited for experiments involving 
small quantities of source material, e.g. for separated isotopes. However, its 
efficiency decreases rapidly with energy and it does not appear to have been 
used above about 2 Mev. 

The Cauchois spectrometer is optically a back-to-front line-source trans- 
mission spectrometer in which y rays are detected by a photographic emul- 
sion placed to coincide with the focusing circle. An instrument with a 2-m 
radius of curvature has been used by Chupp et al. (42) for measurement of 
-ray energies up to 2.23 Mev, and an instrument with a 6-m radius has been 
built by Kazi et al. (43). The 2-m instrument has an energy resolution of 
0.1 per cent at 60 kev. Attractive features of this instrument are its mechan- 
ical simplicity and the ability to record large portions of the spectrum at the 
same time. In contrast to the line-source transmission instrument, the 
Cauchois spectrometer requires large sources for efficient operation. 

The flat-crystal diffraction spectrometer devised by Knowles (44) may 
be used with a single diffracting crystal or with two diffracting crystals. In 
the single-crystal spectrometer a Soller slit defines the resolution of the in- 
strument. This arrangement is useful where high transmission is required 
and relatively low resolution can be tolerated. In the double-crystal arrange- 
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ment the y-ray collimating function is supplied by the first diffracting crys- 
tal, the Soller slit serving only as a baffle to eliminate the direct beam. The 
resolution of the instrument is then determined by the mosaic width of the 
diffracting crystals. Since the crystals are not distorted by a bending process, 
the mosaic width is preserved at its natural value, about ten times smaller 
than that achieved in the bent-crystal spectrometer. Many different crystals 
with different atomic spacings, mosaic resolutions, absorption properties, 
and reflecting powers can be easily introduced as desired. This instrument 
has been used over the energy range from 65 kev to 5 Mev, and further exten- 
sion of range is quite feasible (44). The energy resolution used in most ex- 
periments with the double-crystal spectrometer is ~0.5 per cent over a wide 
energy range, 0.5 to 5 Mev; below 2 Mev it has been used occasionally with 
a resolution of 0.2 per cent. This instrument is clearly useful for studying a 
wide energy range but requires high intensity sources of large area. An ex- 
ample of the spectrum obtained with this instrument is shown in Figure 1a. 

Only one experiment has been reported in which photoelectric external 
conversion has been applied to the study of neutron capture y rays [Motz 
(35)]. In this work a thin-lens spectrometer with a resolution of 2 to 5 per 
cent was used to measure y rays below 4 Mev in Cd"*. Background from 
the Compton effect and other sources was suppressed by counting only 
those electrons which were in coincidence with K X-rays from the converter. 

2. Internal conversion measurements.—Internal conversion electrons fol- 
lowing neutron capture may be studied if the element of interest is placed at 
the source position of a 8 spectrometer and is bombarded by a beam of 
thermal neutrons. Experiments of this type have been carried out by Hibdon 
& Muehlhause (45) and Church & Goldhaber (46) using 180° B-ray spectro- 
graphs. Thin-lens spectrometers have been used by Bell & Elliott (47) for 
measuring the H!(n, y)H? 2.23-Mev y ray and by Motz (35) for the study of 
the Cd" spectrum. Groshev, Demidov & Naidenov (48) adapted the flat 
Compton spectrometer described above, for detecting conversion lines from 
Cd, Sm, Dy, Gd, and Hg. They report a resolution of 1.6 per cent at 150 kev, 
but much better results appear to have been achieved with a later instru- 
ment (49). 

The requirement of a very thin source (to avoid electron scattering) con- 
flicts with the need for obtaining a high counting rate. For this reason the 
study of internal conversion electrons using an external neutron beam seems 
to be limited to elements with capture cross section greater than about 100 b. 
A promising and novel approach has been described by Maier-Leibnitz (50) 
in which the target is placed near the core of a reactor and the conversion 
electrons are allowed to pass through a magnetically shielded tube to a 
double focusing spectrometer placed outside the shield. The narrow accept- 
ance angle of the arrangement is compensated by the high neutron flux and 
a relatively large source area. 

Several of the above authors (45, 48, 49) were able to determine K/L 
ratios or conversion coefficients for some of the radiations detected and were 
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therefore able to make multipolarity assignments. No experiments have yet 
been performed in which internal pair conversion was used for the study of 
neutron capture y rays. However, a spectrometer with good resolution in 
which the angular correlation of internal pair electrons may be measured 
seems feasible (51) and may find a use in such studies. 

3. Coincidence and angular correlation measurements—Various experi- 
ments to study coincidences and angular correlations between cascading 
pairs of neutron capture y rays have been carried out (20, 24, 53, 54, 55). In 
these experiments the target to be bombarded by a neutron beam is placed 
between a pair of Nal crystal detectors. In the usual arrangement the de- 
tectors are connected to a fast-slow coincidence circuit (56), and the spec- 
trum of pulses in coincidence with pulses falling in a selected energy channel 
is recorded on a multichannel pulse-height analyser. A few coincidence meas- 
urements have been made for y rays following capture of epithermal neu- 
trons (57); these will be discussed in Section III. 

To resolve complex spectra by coincidence techniques it is desirable to 
use methods which provide a better resolution than the single-Nal-crystal 
spectrometer without seriously reducing the over-all efficiency. One method 
successfully employed by Segel (24) is to use a three-crystal pair spectrom- 
eter for detection of high-energy y rays and a single Nal crystal for low- 
energy y rays. Although the efficiency of the pair spectrometer (excluding 
the solid angle subtended at the source) is less than 1 per cent of that of a 
single Nal crystal (58), it is possible to compensate for this loss by moving 
the detectors close to the target and thus increasing the solid angle. Cascade 
transitions with intensities as low as 1 per cent per capture have been 
studied, and much information concerning the decay schemes of Hg? (24), 
Cl®* (59), and Fe*’ (60) has been acquired with this equipment. However, the 
very large solid angles and the restricted freedom of motion of the detectors 
caused by placing the detectors near the target exclude the use of the instru- 
ment for angular correlation measurements. 

A second technique that seems ideally suited for the study of neutron 
capture y rays in cascade is the sum coincidence method of Hoogenboom 
(61). This method uses a coincidence circuit which demands that, in order to 
be recorded, coincidences between the two scintillators must be produced by 
pulses whose sum is approximately equal to the total energy available in the 
cascade. The method, therefore, automatically ensures that only one peak, 
that is the full energy peak, of the NaI response curve corresponding to 
each y ray will be recorded. The application of this technique to (m, ‘) 
experiments has been described by Schwager (62) and by Draper & Fleischer 
(63), and excellent results have been obtained by these workers for vanadium 
(64) and chlorine (65), by Vervier (66, 67) for samarium and mercury, and 
by Burmistrov (68) for chlorine and sulphur. The method can be applied 
directly to the study of angular correlations, although much longer counting 
times are required with this method than with the ordinary technique to ac- 
cumulate the same statistics for a particular pair of y rays. This disadvan- 
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tage is offset because the angular correlations of all two-step cascades from 
the capture state may be measured at the same time. 

Only one experiment has been reported in which delayed coincidence 
techniques have been used to determine the lifetimes of excited states fed 
by neutron capture y rays [D’Angelo (69)]. The levels at 26, 109, and 210 
kev in Mn® were found to have lifetimes of 10.7+?, 4.9+0.6, and <0.5 
mysec, respectively. This technique will undoubtedly be exploited to a much 
greater extent. 

More complicated coincidence experiments than those already consid- 
ered, such as triple coincidence and correlation measurements (all three 
radiations observed) and linear polarization directional correlations, have 
lower over-all efficiencies than the simple Nal-crystal arrangements. Such 
techniques are feasible at present only for very strong cascades, and no ex- 
periments of this sort have so far been reported. 

4. Circular polarization measurements.—The possibility of detecting cir- 
cular polarization of y rays after capture of polarized neutrons and of using 
such measurements for spin determinations was discussed originally by Hal- 
pern (70) and by Biedenharn, Rose & Arfken (71). The theoretical expres- 
sions relevant to an experimental investigation of such effects have been 
summarized by Trumpy (53, 72) whose notation will be followed here. The 
emission probability for a y ray following capture of a polarized thermal 
neutron is: 


W =1-+ pP,Rcosé Z 


where p has the value +1 depending on whether the radiation is left or right 
circularly polarized; @ is the angle between the y ray and the neutron-spin 
direction; P, is the neutron polarization; and R is a coefficient depending on 
the spins of the target nucleus J;, the compound nucleus J,, and the state 
formed by emission Jy, and on the multipole order of the y ray L. For the 
case of pure multipole radiation, R is given by: 


Ra eI) L(L + 1) + Jee + 1) — Jp(Je + 1) 
2ii+1 L(L + 1) 





A more complete expression for R which includes multipole mixing is given 
by Trumpy (53). For all practical cases the limits of R are 1>R>—}3. 

The circular polarization of the y ray is defined as the ratio of the differ- 
ence to the sum of the intensities for left and right circular polarization. 
From Equation 1 we obtain: 


Wt — W- 


* arr a 


Py 


The circular polarization of neutron capture y rays was first detected by 
Trumpy (72). In this experiment the neutron beam was polarized by passing 
it through magnetized iron, giving P, =0.19. In a similar experiment Vervier 
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(73) used a neutron beam polarized to 90 per cent by Bragg diffraction from 
a magnetized CoFe crystal. In both experiments the degree of circular polari- 
zation was determined by measuring the transmission of the y rays through 
a magnetized iron analyser in a direction such that cos @= +1. The intensities 
of left and right circularly polarized radiation were obtained by making 
measurements with the magnetic field of the analyser parallel and antiparal- 
lel to the neutron polarization. Different methods of reversing the relative 
directions of these vectors were used in the two experiments. Trumpy used a 
fixed neutron orientation and switched the field direction in the analysing 
magnet. In this method two analysing magnets mounted on opposite sides 
of the target permitted simultaneous measurement of the transmission for 
two different polarizations at the same time. Vervier used one analysing 
magnet which was maintained with fixed polarity; he reversed the relative 
direction of the neutron polarization and magnetic field by flipping the neu- 
tron spin. The latter operation was accomplished by passing the neutrons 
through a suitable radio frequency field. Trumpy’s method has the advan- 
tage that the neutron polarization remains constant during the experiment, 
while in Vervier’s method it is necessary to monitor the degree of polariza- 
tion of the neutrons for both the spin-up and spin-down beams. On the other 
hand, Vervier’s method avoids troublesome variations in the photomulti- 
plier response caused by changing the magnetic field. 

The asymmetry observed in an experiment in which a monoenergetic 
¥ ray is detected is: 


a Ni = N,” 

Nit," 
where NV,’ and N;,”’ are the total counting rates of y rays reaching the detec- 
tor (both as transmitted and scattered radiation) under conditions in which 
the magnetic field is parallel and antiparallel to the neutron polarization 


respectively. The asymmetry Q is related to P,, R, and to Pg, the polariza- 
tion sensitivity of the detector, by: 


Q = P»PaRBy 5. 


where @ is a correction factor for depolarization of the neutrons scattered in 
the target and y measures the fraction of the total y rays detected which are 
transmitted without scattering through the analysing magnet. Equation 5 is 
used to determine the constant R which, with the aid of Equation 2, may be 
used to obtain information concerning the spins of the levels or the multi- 
polarity of the y ray. 

Because of the small values of P, (19 per cent) and of Pa (1.96 per cent), 
very small asymmetries (in the neighborhood of 10~*) were observed in 
Trumpy’s experiments. These small values of Q, together with a relatively 
low neutron beam intensity, necessitated counting times of the order of 
weeks or months. The superior neutron polarizations and higher beam inten- 
sities in Vervier’s experiments permitted counting times of the order of 
hours or days to be used. 
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The spectrum of y rays from titanium shown in Figure 2 is a good example 
of the results obtained in Vervier’s circular polarization measurements. The 
upper curve shows the sum spectrum N;,’+ N;'’, and the lower curve the dif- 
ference spectrum N;’— N,’’. The curves clearly show that the strong y rays 
at 6.77 and 6.41 Mev have asymmetries of opposite sign. This result is inter- 
preted as showing conclusively that the spins of the 1.39- and 1.75-Mev levels 
in Ti*® are 3 and 3 respectively (73). 

Circular polarization experiments have been carried out successfully for 
only a limited number of well-chosen nuclei, such as Ti**, where one or two 
intense well-isolated y rays are present at the high-energy limit of the spec- 
trum. The study of y rays of lower energy is extremely difficult not only be- 
cause of the inherently poor line width of the total absorption peak obtained 
with Nal detectors, but also because y rays of lower energy are always super- 
imposed on the “‘tails’’ of y rays of higher energy. As an additional complica- 
tion, the tail corresponding to a particular y ray does not show as large an 
asymmetry as the total absorption peak since quanta which have been 
Compton-scattered in the analysing magnet contribute to the tail and such 
scattered radiation exhibits an asymmetry opposite to that of the trans- 
mitted quanta [Vervier (73)]. 

Grechukhin (74) has shown that the circular polarization averaged over 
the cascade spectrum of y rays following capture of polarized thermal neu- 
trons can, in principle, be used to discriminate between the two possible 
spins of the capturing state J-=J;+}, and also can give the magnitude of 
the parameter o in the expression (75) for the spin dependence of the level 
density: 


p(J) = const (2J + 1) e~ (41/2) (20%) 6. 


The average circular polarization, assuming dipole radiation only, is 
given by: 
P,,(6) ~ Agi(J.) cos 6 73 


where A is a constant which depends on a, on J,, and on the details of the 
cascade, 8 is the angle between the y quantum and the neutron polarization 
direction, and {,(J,) is a function of J;, J., and Py. 

Values of P;,(6) calculated with the parameters P, =1, 8@=0°, J. =3 or 4, 
and o—3 approach 10 per cent in absolute value. The determination of the 
sign of P,, is sufficient to distinguish between the two alternative values of J,. 
Attempts to detect these effects have not yet been reported. Such experi- 
ments would perhaps be complicated by multipole mixing, which was not 
taken into account in the theory. Furthermore, if circular polarization 
analysers of the type used by Trumpy and Vervier were used, the observed 
asymmetry would be at most 0.2 per cent and probably rather less than this 
since (unlike the situation in experiments involving only the y ray of highest 
energy) there is no obvious way of discriminating against degraded radia- 
tion scattered into the detector by the analyser. 

Another experiment that should perhaps be mentioned here is the at- 
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Fic. 2. Measurements of the circular polarization of the 6.75- and 6.41-Mev 
y rays following capture of polarized neutrons in Ti [Vervier (73)]. The upper 
diagram shows the sum spectrum N,’+N;" obtained by adding the data recorded 
with the two orientations of neutron spin. The separate y-ray lines and the back- 
ground (dotted) are also shown. The lower diagram shows the difference spectrum 
N;—N¢’. The full curve is the theoretical spectrum calculated with the assumption 
that the spin of 1.38-Mev level is 3/2 and that of the 1.72-Mev level 1/2. 
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tempt by Haas, Leipuner & Adair (76) to measure the magnitude of the 
parity nonconserving part of nuclear forces using yy rays following the cap- 
ture of polarized neutrons by Cd", Since this investigation lies rather out- 
side the field of interest for neutron capture y-ray spectroscopy, the reader 
is referred to the original article for details. 

5. Other techniques—Among other techniques that have only begun to 
be exploited in the study of neutron capture y rays, resonance fluorescence 
and neutron capture by oriented nuclei should be mentioned. The latter 
is discussed by Roberts elsewhere in this review (77); I shall restrict myself 
to a few remarks concerning the former. 

The central problem in resonance absorption of y rays is to devise a 
method of compensating for the loss of y-ray energy caused by recoil of both 
the emitting and absorbing nuclei. Various methods used to restore this 
energy are outlined in a recent review by Devons (78). Two approaches may 
be applicable to the study of resonance fluorescence in levels of nuclei formed 
in the (m, y) process: (a) the use of the decay y ray from the same level with 
recoil motion supplied by a previous y ray or (b) the use of an external source 
of y radiation whose energy spans the level energy. One experiment of the 
latter type recently performed by Reibel & Mann (79) is of special interest in 
neutron capture since it casts some light on the properties of levels in the 
neighborhood of the neutron separation energy. The 6.92- and 7.12-Mev vy 
rays obtained from the reaction F!*(p, ay)O" at a proton energy of 2.05 Mev 
were used as the fluorescing radiation. These y rays have widths of about 130 
kev and therefore were capable of exciting several resonances near 7 Mev in 
the nuclei studied. The experiments lead to estimates of average total and 
average partial radiation widths and average level spacings for levels near 
the neutron separation energy in Cu, Ag, Sn, Hg, Pb, and Bi. 


B. SUMMARY OF RESULTS 


The shape of the capture y-ray spectrum is determined in detail by the 
energies, spins, and parities of the levels between the capturing state at 
energy Eo and the ground state, and by the y-ray transition probabilities 
which depend not only on energy and multipolarity but also on the detailed 
structure of the states. The states whose properties are most easily studied 
are the capturing state itself and certain levels near the ground state (excita- 
tion energy E< ~3 Mev) which have a high probability of being excited by 
cascade transitions. Individual levels nearer the capturing state (E> ~ 
4 Mev) have a low probability of being excited in most nuclei. Although in 
principle the capture spectra contain information about these levels the ex- 
perimental difficulties in extracting it are formidable. However, the over-all 
shape of the spectrum is largely determined by the energy distribution of 
these higher energy levels and their modes of decay. In summarizing the data 
derived from studies of thermal-neutron capture y rays we shall be con- 
cerned, therefore, with detailed properties of the capturing state and of indi- 
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vidual low-energy states, and with certain statistical properties of the levels 
up to the neutron separation energy. 

1. Properties of the capturing state—This heading will cover neutron sepa- 
ration energies, thermal-neutron capture cross sections, and partial radiation 
widths. Occasionally, also, the spin of the capturing state has been deter- 
mined by y-ray angular correlation methods, but it will be convenient to dis- 
cuss these results, together with the spin determinations for bound levels, in 
the next section. 

The neutron separation energy of a particular nucleus may be obtained 
directly from the energy of the ground state y ray, or from the sum of the 
energies of the y rays in a competing cascade, provided the usual corrections 
are applied for nuclear recoil. Additional information in the form of a less 
accurate estimate of the separation energy and some knowledge of the low- 
energy levels is usually necessary to prove that the y ray of highest energy or 
a particular cascade of y rays actually feeds the ground state and not a 
nearby excited state. The obvious method of testing for the ground-state 
ray by searching for y rays in coincidence with the y ray of highest energy 
is not reliable since it might fail to detect very-low-energy, highly converted, 
or long-lived transitions. On the other hand, as pointed out by Schwager 
(64), the sum coincidence method using two detectors is a promising way of 
determining the neutron separation energy from the capture spectrum alone 
(at least in nuclei for which the over-all spin change is not so great as to pre- 
clude all two-step cascades). 

Values for neutron separation energies determined from the (n, ) reac- 
tion are complementary to those obtained from mass differences and from 
the (y, ”), deuteron-proton (d, p), and other reactions. Compilations of reac- 
tion Q values have been published by Van Patter & Whaling (80) and by 
Gove (81). A unified mass table using all available data has been con- 
structed by Everling et al. (82). Among the more important Q values which 
can be determined with great accuracy by the (m, 7) reaction is the deuteron 
binding energy. A comparison of various determinations of this quantity is 
given in Table I. 

The absolute intensity J, (in photons per capture) of a capture y ray may 
be determined if the radiative capture cross section o, of the target nucleus 
A is known, and conversely. These quantities are related by the expression: 


Toa = kC,/(Naey) 8. 


where the counting rate C,, the detector efficiency ey, and the number of 
target atoms Ny, are known or measurable quantities. The constant k is 
easily evaluated by a comparison experiment, the details of which are dis- 
cussed elsewhere (33). In general, o4 is known whereas the absolute y-ray in- 
tensities remain to be determined. In a few nuclides, absolute intensities have 
been deduced independently from a knowledge of the decay scheme and it has 
then been possible to use the above method to measure a4. The results of 
such determinations are summarized in Table II. 
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TABLE I 
VARIOUS DETERMINATIONS OF DEUTERON BINDING ENERGY 











Reference 
Reaction Instrument calibration Energy (kev) Ref 
energy 
H(n, y)H? Thin-lens spectrometer | ThC” 2230 +7 (47) 
2.615 kev 
H\(n, y)H? Cauchois spectrometer | Au! Zann &S (83) 
411.77 kev 
H(n, y)H? Total-absorption scin- | Na*, Cs!8? 2226 «643 (84) 
tillator 
Hn, y)H? Compton spectrometer | Na* 2224.3 +1.0| (85) 
2753.3 kev 
H'(, y)H? Double-crystal diffrac- | annihilation 2224.29+0.24| (86) 
tion spectrometer 510.976 kev 
H%(y, 2)H! Variable X-ray source | Li’(p, m) 2226 «=64+3 (87) 
threshold 
1.881 Mev 
Mass data least- 2224.71+0.40| (82) 
squares fit 

















The partial radiation width I,’ of a primary y ray emitted when capture 
is dominated by a single resonance may be computed directly from the 
product of the total radiation width (92, 93) of the resonance I, and the 
absolute intensity of the y ray. When no resonance is present at thermal 
energies, it is incorrect to talk about partial widths for the observed y rays 
in the sense that this implies that they are emitted by a single level. Never- 
theless, there are two situations where useful representative values of I,’ 
may be obtained from such y rays (94): (a) Both spin states J.=J;+}, 
(J;#0) may decay to a given final state with emission of radiation of the 
same multipolarity. (b) The target nucleus may have zero spin so that only 











TABLE II 
Isotopic CAPTURE Cross SECTIONS 
Isotope a(n, y) Ref 
Lié 28 + 8mb (88) 
Bie 0.5 + 0.2b (88) 
cis 0.8 + 0.2 mb (89) 
N¥* 0.08+ 0.02b (88) 
50 250 +200b (90) 
Pb?0,207 o(207)/o(206) <13 (91) 
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compound states with J, =} are formed. In either case, the product of the ob- 
served absolute intensity of a particular y ray and the mean total radiation 
width for nearby resonances represents an order-of-magnitude value for the 
partial widths for that y ray averaged over all contributing s-wave reso- 
nances (neglecting possible interference effects). When the y ray in question 
is allowed for one value of J, but not the other, the same calculation yields 
a lower limit for the partial width. Comparisons of experimental partial radi- 
ation widths with theoretical predictions have been discussed at length in past 
publications (1, 3, 94, 95), and only a brief summary will be given here. 

The radiative widths for E1, M1, and E2 y rays of energy € emitted in 
transitions from the capturing state may be written in the following ap- 
proximate forms which are derived from expressions given by Blatt & 
Weisskopf (96): 


T,'(Z1) = 0.11€°A?/*D/Do 9. 
Ty’'(M1) = 0.021e°D/Do 10. 
Ty’ (£2) = 1.2 K 10-%®A*/3D/Do 11. 


where D is the spacing at the separation energy of levels with the same 
spin and parity as the capturing state, Do is the single-particle level spacing 
for states of the same spin and parity, and A is the mass number. The quanti- 
ties e, D, and Do are in Mev, andT,’ in ev. The numerical constants in Equa- 
tions 9 and 11 depend on the nuclear radius, which is here assumed to be 
1.5X 10-43 cm. 

The ratios of partial widths of competing primary y rays of different mul- 
tipolarity have been determined experimentally in a few light nuclei (A~~30). 
In these nuclei the ratio T,’(£1)/T',’(M1) is found to be in rough agreement 
with the prediction of Equations 9 and 10 (3). The few E2 primary y rays 
that have been detected are found to be between 10 and 100 times weaker 
(at 7 Mev) than competing M1 y rays, also in rough agreement with the 
theory. 

Observed partial radiation widths for E1 and M1 y rays emitted in dif- 
ferent nuclei may be scrutinized by plotting the reduced widths:? 

Ty/(E1)obs Ty’ (M1)obs 
= kun G9) emeeeeeees 


Bgy 8 am 


12. 
6 A2/3f) éeD 


as a function of mass number (95). The quantities k are, of course, the experi- 
mental equivalent of C/Do where C is the numerical constant in Equations 9 
and 10. 

Values of kg: and ky: for all known E1 and M1 primary neutron capture 
‘Y rays emitted in both resonant and nonresonant capture are summarized in 
Figure 3. The total radiation widths used in plotting these points were taken 
from the compilations of Levin & Hughes (92), Stolovy & Harvey (93), and 
Hughes & Schwartz (97), when measured values were available, and from 


* These might also be called radiation strengths since they are analogous to the 
strength function for particles. 
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Cameron’s estimated values (98) in all other cases. The level spacings were 
taken from Hughes & Schwartz (97) in all cases except Ca“, Ti**, Ti*®, Fe, 
Cr, Zn®*, Ga?, and Sr®? where spacings estimated by Cameron (99) were 
used.* The absolute y-ray intensities were taken from Bartholomew & Higgs 
’ (6), Groshev et al. (7), and Knoepfel e¢ al. (31). Gamma rays emitted by 
capturing states whose spins are ambiguous (both spins contributing) are 
shown as lower limits if there is a possibility that the y ray may be forbidden 
for one spin value. Upper limits are shown for y rays which are expected to 
be present from a knowledge of the spins and parities of the levels concerned 
but which were too weak to be observed. To facilitate intercomparison of 
the energy-reduced radiation widths I',’/é*, for Ei and M1 y rays, the kag: 
have been normalized with respect to the km by shifting the ky: axis by an 
amount corresponding to a mean mass number factor, A~*/*=130-?/8, The 
theoretical k values from Equations 9 and 10 are shown for a single-particle 
level spacing Do of 15 Mev; they fall satisfactorily close to the medians of 
the experimental values, kgi~3 X 107 and kyic~4 X10. 

Figure 3 shows that although there is a wide distribution in the matrix 
elements, the median values are essentially independent of A, a result which 
confirms the predicted (96) dependence of the radiation width on D.‘ The 
figure also shows that although the matrix elements for the E1 and M1 
transitions largely overlap, the strongest E1 transitions are about an order of 
magnitude stronger than the strongest M1 transitions. Therefore, these dia- 
grams are sometimes useful for testing whether a particularly strong y ray 
of known radiation width but of unknown multipolarity is of E1 type or not. 
Gamma rays whose multipolarities are unknown but which have & larger 
than that of a known £1 y ray in the same spectrum are shown by open cir- 
cles.5 The reduced widths derived from the resonance fluorescence measure- 
ments of Reibel & Mann (79) are also shown (as crosses) on the E1 graph. 
For Cu, Ag, and Bi, points corresponding to different possible values of the 
excited-state spin are connected by vertical bars. The overlap of these data 
with the capture y-ray reduced widths is at first sight rather surprising in 
view of the order-of-magnitude larger y-ray partial widths obtained in the 
resonance fluorescence experiments. However, Reibel & Mann point out that 
these experiments select just those levels which have large dipole matrix ele- 
ments and such levels must occur with a correspondingly larger spacing. 

It will be seen that the largest values of kg: tend to occur near mass num- 


* From level spacings observed in charged particle experiments, it now appears 
that the formula used here may give level spacings near the neutron separation energy 
which are too small by as much as an order of magnitude for nuclei in the region 
A <70. (A. G. W. Cameron, private communication, 1961.) 

4 Strictly speaking, Dp should vary as A~Y? which may partly explain a noticeable 
tendency for the median values of kg: and ky: to increase slowly with A. 

5 One y ray of special interest for the resonance capture experiments to be dis- 
cussed later is the 4.06-Mev vy ray in U** (100). This y ray is shown as an open circle 
at A =239 in the E1 diagram. There would appear to be little doubt that it is of E1 type. 
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bers 90, 150, and 180. In such nuclei, which lie near the 50, 82, and 126 
neutron shells, the y rays corresponding to these values of kg: are a prom- 
inent feature of the high-energy spectrum, as first noticed by Kinsey & 
Bartholomew (94). On the other hand, in the region 40 <A <70, where y 
rays of even greater absolute intensity are observed, the values of kg: in 
Figure 3 are relatively small (and perhaps should be even smaller if too- 
small level spacings have been used in Eq. 12, see footnote 3). In considera- 
tion of this anomaly it must be noted that for nuclei in the range A <70, 
radiation widths have been determined only for resonances in product nuclei 
Na*, Cl%*, Mn**, Co®, and Zn®® (92, 93) and that none are known for any of 
the even-Z product nuclei such as Ti*®, Fe®’, and Ni5® whose spectra each con- 
tain two or three y rays of exceptional intensity. Although the radiation 
widths given by Cameron’s formula (98) for nuclei in the range A> 70 are 
usually correct to within a factor of 2, it is conceivable that the statistical 
methods used in such a calculation are subject to large errors for the light 
masses A <70 and that the true widths in these even-Z nuclei are actually an 
order of magnitude larger than predicted. It is also possible that these in- 
tense y rays are not a resonance phenomenon and that the above analysis 
which uses parameters of local resonances is not appropriate (see Sect. IV). 

2. Properties of bound levels —The properties of the low-energy excited 
states which have been studied in greatest detail by means of the (n, ) reac- 
tion are excitation energies and spins of levels and y-ray branching ratios. 

Level diagrams and decay schemes constructed from neutron capture y- 
ray information alone always contain an element of ambiguity since alterna- 
tives are usually possible for the order of emission of the y rays and the posi- 
tions of energy levels. The construction of a consistent decay scheme is 
greatly facilitated if additional information from other reactions is available. 
In many cases data from (d, p) reactions or 8 decay, and data from (n, 7) 
reactions are mutually corroborative and complementary [see, e.g., Paris 
et al. (101) and Bockelman & Buechner (102)]. 

With present techniques, spin determinations by angular correlation 
measurements can seldom be carried out for more than one or two strong 
cascades in any given nucleus. If one of the levels involved is the capturing 
state, complications in interpretation may arise unless thermal capture is 
overwhelmingly dominated by one resonance. (This difficulty is not present 
in the particular case when the target nucleus has spin zero.) In many cases, 
capturing state spins determined by y-y correlations can be checked by circu- 
lar polarization measurements (Sect. IIA4). 

In Table III are summarized all spin determinations that have been re- 
ported to date from angular correlation and circular polarization measure- 
ments of neutron capture y rays. Other data on multipole mixtures or captur- 
ing state spin mixtures have also been obtained and will be found in the ref- 
erences cited. 

A procedure by which neutron capture y-ray intensities in odd-odd nu- 
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TABLE III 


Spins OF BouND LEVELS AND CAPTURING STATES 
DETERMINED IN (n, y) EXPERIMENTS 
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J J 
Product | Level Angular | Circular Product | Level Angular | Circular 
nucleus | (Mev) | correla- | polariza- nucleus | (Mev) | correla- polariza- 
tions tion tions tion 
Ns 6.33 | >1/28 { 3° 
Mg* 3.41 3/2> Cu | 0.60 1, 28 
Si? 4.93 3/2> 7.91* (1)4 
6.38 1/2 Zn® 0.0? 3/2¢ 
ps 1.15 i> y%” 0.202 3?h 
3.26 2» 0.777 2? 24 
S% 3.22 3/2> 3/24 Zr® 2.34 38 
Ca*! 1.95 3/2¢ 8 .66* 28 
Ti* 1.38 3/2'« 3/240 Te | 9.400* 1i 
1.72 1/2! 1/24 Nd'™ | 1.560 3i 
Cri4 9.72* 1° 7.814* 3i 
0.83 1, 2¢ 2° 
Fe5? 0.364 3/2 Gd" | 1.182 2i 
Ni®? 0.0 3/2¢ 3/24.¢ 7 .923* 2i 
0.45 3/2¢ 1/24 w'8 | 0.0 1/2¢ 
0° ¢ 3e Hg | 1.59 1 
Cu 0.28 1, 28 24 8.401* 0* 
* Capturing state. 
® See (103). 4 See (73). & See (104). 
bSee (54). © See (72). b See (105). 
*See (53). f See (20). i See (106). 


clei may be used for predicting the spins J of the various levels of the multi- 
plet formed by coupling the odd proton (spin jp) to the odd neutron (spin j,) 
has been pointed out by Varshalovich (107). It is assumed that the nucleus is 
well represented by the shell model and that residual interactions which split 
the multiplet are small compared to single-particle excitation energies. As- 
suming that y-ray transitions from the capturing state J, to a level of the 
multiplet involve only the single-neutron jump jn,— jn, the ratio of reduced 
transition probabilities for y rays feeding any two members of the multiplet 
may be written: 


B(L, Je > Ji) _ (2J1 + 1)W(jn J cing] 1, jpL) 
B(L,Je—>J2) (22 + IW*(Gn J ejngJ 2, Jnl) 
where the W’s are Racah coefficients. Applying this analysis to P®, Var- 
shalovich shows that the primary y-ray intensities are consistent with spin 


13. 
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assignments of 0, 1, and 2 for the levels at 0.51, 1.15, and 3.26 Mev, respec- 
tively. Comparison with Table III will show that these predictions concern- 
ing the 1.15 and 3.26 Mev levels are confirmed by angular correlation meas- 
urements. Unfortunately this method of predicting spins, which depends on 
the absence of appreciable configuration mixing, does not appear to have a 
large area of applicability. 

The decay schemes of Cl** and Y*% in Figure 4 are presented to illustrate 
the effectiveness of current techniques for obtaining energy level and decay 
scheme information from neutron capture y-ray spectra. These diagrams are 
self explanatory. 

3. The spectral distribution Early measurements of heavy element spec- 
tra by a pair spectrometer (94) covered only the energy range from the top 
of the spectrum down to about 2.7 Mev, a region containing of the order of 
one-quarter of the total energy radiated. These measurements demonstrated 
that the center of gravity of the spectra changed with mass number in a way 
that correlated with the reduction of level density in the neighborhood of 
closed neutron shells (94, 111). For elements near Pb (126 neutrons), and to 
a lesser degree for elements near Pr (82 neutrons) and Zr (50 neutrons), the 
amount of radiation in the upper end of the spectrum was greater than for 
nuclei farther removed from the shells. This fact was demonstrated in a 
more quantitative way by Groshev (112) who plotted the fraction of the 
total energy radiated which appeared as y rays with energies greater than 
one-half the neutron separation energy. 

The greater energy range of the Compton spectrometer (36) has made 
it possible to obtain, in one experiment, an essentially complete spectral 
distribution from below 1 Mev to the top of the spectrum. These distribu- 
tions have been extensively studied by Groshev and co-workers (113) who 
have pointed out many important features which were not revealed by the 
earlier work with the more limited energy range. 

The general features of the spectra of even-even and odd-odd nuclei in 
the nonspherical region are typified by the spectra of Gd'®** and Ho'®, 
Figure 5. The intensity v(e) (y rays per capture per unit energy interval at 
energy €) increases rapidly with decreasing energy, beginning (for nuclei in 
the region 100 <A <200) at about 6.4 Mev in both even-even and odd-odd 
types. This energy corresponds to transitions to states near zero excitation 
in the odd-odd nucleus and near 1.2 Mev in the even-even nucleus. This 
phenomenon, first noted by Kinsey (2) and discussed in detail by Groshev 
et al. (4), is in accord with the suggestion of Hurwitz & Bethe (114) that the 
level distributions of the two types of nuclei are statistically similar if they 
are measured from a characteristic energy which varies smoothly with mass 
number. In Ho" the spectral intensity continues to increase monotonically 
with decreasing energy, with a slight bulge appearing just below 3 Mev, while 
in Gd"®* the spectrum reaches a peak at this energy. It is characteristic that 
the unresolved continuum in the spectrum for the even-even nucleus tends 
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to contain rather more radiation between 2 and 4 Mev than the odd-odd spec- 
trum whereas the reverse is true below 2 Mev. Near 1 Mev, the spectra of 
nonspherical even-even nuclei are characterized by a most remarkable group 
of intense y rays standing out well above the general continuum. This fea- 
ture was not observed in odd-odd or even-odd nuclei (115) and is much less 
prominent or entirely absent in spherical even-even nuclei. The spectra of 
Pt! and Ir'®-1%, also shown in Figure 5, demonstrate that the similarities 
between the spectra of the two types of nuclei persist at higher A. These 
spectra also provide examples of the unusual predominance of high-energy 
radiation in elements near the 126-neutron shell mentioned earlier. The 
spectra of spherical odd-odd nuclei with A™~110 closely resemble those of 
the distorted odd-odd nuclei such as Ho except that the bulge at 3 Mev is 
absent [Groshev e¢ al. (113)]. 

The spectrum shape may be calculated if the energy dependence of the 
y-ray transition probability and the level density distribution are accurately 
known. By an elaboration of a statistical expression given originally by Blatt 
& Weisskopf (96), we may write for the spectrum emitted in the decay of a 
level of excitation energy E: 


v(e, E) = C(E) »» kr(c, E)e®*1p1(E — ¢) 14. 


where v(e, E) is the number of y rays per capture per unit energy interval at 
€, 2L is the y-ray multipolarity, and kz(e, E) is a mean reduced width for 
transitions of multipolarity 2L between the level at E and combining levels 
at the energy (E—e). The quantity pz(E—e) is the density of levels at 
(E—e) to which transitions of multipolarity 2L are allowed. It is assumed 
that pz varies continuously with energy and that there is no irregular dis- 
tribution of parities with energy. The constant C(£) is a normalizing con- 
stant such that 


f * le, EME = P(E) 15. 


where p(£) is the population acquired by the level at £ by transitions from 
higher levels in the cascade; p(Z) has the value unity for the capturing 
state. 

The spectral distribution in the total spectrum is given by 


tia f "0 (6, E\dE 16. 


where Ep» is the neutron separation energy. The integration may be carried 
out numerically by a step-by-step procedure beginning with the capturing 
state if suitable expressions for kz(e, E) and pz(E—e) are assumed. 

The y-ray reduced widths discussed earlier show that the decay of the 
capturing state proceeds predominantly by dipole radiation. There is evi- 
dence from a study of the isotopic capture cross sections by Huizenga & 
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Vandenbosch (116) that dipole radiation also plays a major part throughout 
the remainder of the cascade. Thus, although it is recognized that electric 
quadrupole transitions may play a significant part in the decay of low-energy 
rotational states in some nuclei, it would appear to be sufficiently accurate 
for the statistical calculations of spectrum shape to include only the term 
with L=1 in Equation 14. 

A detailed analysis of the capture y-ray spectra from even-even and odd- 
odd product nuclei in the region 100<A <200 has been carried out by 
Groshev et al. (113) and Strutinski et al. (117). In this analysis an attempt is 
made to determine the form of the level density distribution which best re- 
produces the observed spectra and to account for the differences between 
the spectra of even-even and odd-odd nuclei and for the prominent group of 
lines near 1 Mev in the spectra of distorted even-even nuclei. Of central im- 
portance in this analysis is the recognition of the part played by the pairing 
energy gap A (118, 119) in determining the shape of the even-even spectra. 
The total spectrum is divided into three parts: v(e, Eo), the primary spec- 
trum of transitions to levels above the energy gap; va, the spectrum of cas- 
cade transitions feeding levels above the gap (called a-type transitions) ; and 
yp, the spectrum of transitions from levels above the gap to the ground state 
(b-type transitions). It is assumed that the matrix elements for transitions of 
type-b may be different from those of type-a. Primary transitions from the 
capturing state to the ground state are neglected, and for simplicity all levels 
of the ground state band are assumed to have zero energy. Equation 16 is 
therefore written: 


v(e) = v(e, Zo) + va + 17. 
where 
v(e, Eo) = C(Eo)e*p(Eo — €) (fyo-—e) >A 18. 
m= f Ce~ th voR=s 19. 
and ; 
wm=aC(e® EDA 20. 


The quantity a=kz:,[kz:,p(0)]“ allows for a possible difference between the 
matrix element of a- and b-type transitions and for the fact that only a single 
final state is involved for b-type transitions. 

Equation 17 was used to fit the observed average spectral distributions 
assuming A=1.2 Mev for even-even nuclei and A=a=0 for odd-odd nuclei. 
The calculations were carried out for a range of values of the parameter a 
and for various values of the parameters 7 and a-for two alternative level 
density expressions (for levels above A): 


p(v) = et 21. 


and 


p(v) = eva" 22. 








- ae 
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It was found that although Equation 22 with a=15 Mev™ gave the best 
fit for spherical odd-odd nuclei, it gave a relatively poor fit for even-even 
nuclei. On the other hand, Equation 21 with r=0.8 Mev best reproduced the 
spectra of nonspherical odd-odd nuclei (including the 3-Mev bulge) and also, 
with the parameter a equal to 0.5 Mev, gave the best fit to the general shape 
of the spectra of the even-even nuclei (ignoring the group of intense lines at 1 
Mev). 

To best reproduce the lines near 1 Mev with r=0.8 Mev and at the same 
time preserve the high-energy fit, it was necessary to divide the » contribu- 
tion, Equation 20, into two parts with a=0.0025 Mev for v <0.4 Mev and 
a=0.5 Mev for »>0.4 Mev. The last result implies that, for a region of 
about 0.5 Mev above the gap, transitions to the ground state are strongly 
inhibited compared to those from levels at higher energies. As suggested by 
Strutinski et al. such an effect could be understood as a consequence of the 
K-selection rule (120) if there were a paucity of states with K equal to 0 or 1 
in this energy region. In a supplementary calculation, in which it was as- 
sumed that b-type transitions were of quadrupole type, Strutinski e¢ al. 
(117) found it was impossible to fit the data for any values of the adjustable 
parameters. This analysis of spectral shapes is not sufficiently definitive to 
permit a clear choice to be made between Equations 21 and 22; both expres- 
sions give similar results. However, the analysis does show that in the region 
just above the pairing energy the level density increases more slowly than is 
implied by Equation 22 (117). It is also noteworthy, as Strutinski and co- 
workers point out, that their fitted value a=15 Mev, which corresponds to 
a’ =3.8 Mev in the usual exponential expression e*”*’*, is not in good agree- 
ment with determinations of this quantity from other reactions. For ex- 
ample, recent unpublished data of D. B. Thompson from the (n, ’) reaction 
reviewed by Ericson (121) show a’~15 Mev for A near 180, a value in good 
agreement with that obtained from the spacing of neutron resonances near 
the separation energy. 

A more satisfactory fit of the spectrum shape might perhaps result if the 
more realistic form v~%e?”@’* had been used for the level density. It is pointed 
out by Strutinski et al. that this expression leads to some improvement in the 
a’ discrepancy. A more elaborate theory might also take into account the 
enhancement of the transition probability for primary transitions to final 
states which contain a large-neutron single-particle p-state admixture (see 
Sect. IV). The preponderance of high-energy y rays in the spectra of Pt and 
Ir in Figure 5 is no doubt due to such an enhancement, and it seems possible 
that the 3-Mev bulge in odd-odd nuclei at A170, which is absent at 
A™110, might be a remnant of this effect persisting at lower mass numbers. 

An alternative approach in analysing the spectral distribution is to be- 
gin by assuming a particular form for the level density distribution which is 
adjusted to fit the known density at the neutron separation energy for each 
individual nucleus. In one such calculation (95, 98), Newton’s level density 
expression (118), modified by Cameron (99), was used to compute the spec- 
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tral distributions, Equation 16, for nuclei in the region 30 <A <208. New- 
ton’s level density formula takes account of the effects of shell structure and 
pairing energy on the level density. The transition probabilities were as- 
sumed proportional to é& with a constant average reduced radiation width. 
Although, as mentioned above, the exponential form for the level density, 
which forms the basis of Newton’s formula, might not be realistic for the 
low-energy levels, such an approach might be expected to reproduce rea- 
sonably well the spectrum shape for y rays feeding levels above, say, 2A and 
should reflect the effects of shell structure on the y-ray distribution. Some 
confirmation of the validity of this approach, at least for nuclei above A =70, 
is supplied by the success of the same procedure in accounting for the de- 
pendence of total radiation width on mass number (see later discussion). 
The theoretical spectral distributions obtained in this way were used to cal- 
culate F, the fraction of the total energy radiated which appears in the spec- 
trum as y rays with energies greater than one-half the effective excitation 
energy (E»—A) (95). A comparison of these theoretical values of F with those 
obtained from the observed spectra showed satisfactory agreement in the 
region 70 <A <160, although the experimental points showed considerable 
scatter. However, in the mass region 170 <A <208 the values of F obtained 
theoretically were too small by as much as a factor of 2. There was also a 
suggestion of a similar but smaller discrepancy for some nuclei in the region 
A~™60. Since the Newton-Cameron level density expression (98, 118) is based 
on the assumption (now somewhat in doubt) that the exponential increase 
of level density begins just above the gap, it probably results in an overesti- 
mation of the level density at low energies and, consequently, an overestima- 
tion of F. If this is indeed the case, the disagreement in the values of F must 
be even greater than observed. The discrepancy may be interpreted as show- 
ing that a statistical description of the spectrum shape (which takes account 
of shell structure and uses a constant average kg) cannot account for the ob- 
served shape at all mass numbers and that it is therefore necessary to as- 
sume an enhancement of the transition probabilities for certain primary y 
rays feeding low-energy levels of nuclei in the range 170 <A <208 and pos- 
sibly aiso for A near 60. This question will be discussed further in Section 
IV. 

Other quantities directly related to the statistical problem of the y-ray 
cascade are the multiplicity, the ratio of the yields of isomeric states follow- 
ing neutron capture, and the total radiative width of neutron resonances. 
Although the latter two quantities are not directly determined from the y- 
ray spectrum itself, a review of the agreement between experimental and 
theoretical values for these quantities is relevant here since it gives an indi- 
cation of the validity of the assumptions on which the statistical description 
is based. 

The multiplicity is defined by the equation 


- Ey 
N= J v(e)de 23. 
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This quantity has been determined for many nuclei by a coincidence method 
by Muehlhause (122), by a direct counting technique in which the number of 
rays per capture was compared with that from a known standard by 
Springer & Draper (123), and by direct application of Equation 23 to the 
observed spectrum by Groshev et al. (4). The value of N changes little from 
nucleus to nucleus; it varies from ~2 for nuclei near Al to ~6 for Sm with 
most nuclei having a value near 4. 

The ratios of the cross sections for the formation of the two members of a 
pair of isomeric states have been discussed in terms of a statistical model of 
the y-ray cascade by Huizenga & Vandenbosch (116). With the assumption 
of a continuous level distribution and no irregularities in the distribution of 
parity, the estimation of the relative populations of levels of various spins 
after a given number of steps in cascade have occurred may be carried out by 
a simple step-by-step calculation. The calculation is independent of the 
form of the level density distribution with energy but depends on the spins 
assumed for the initial and final states and on the distribution of levels as a 
function of spin. It was assumed that the distribution of levels with spin 
followed Equation 6. By using both o and the multiplicity WV as variable 
parameters, it was possible to fit most of the observed ratios (for cases where 
the spins were known) with 3 <W <4 and 3 <a <6. This value of W is in 
accord with the results of direct measurement discussed above. The con- 
sistency of the calculated results indicates that isomeric cross section ratios 
may provide a reliable method for making spin assignments for the captur- 
ing state. 

The total radiation widths are observed to decrease slowly with mass 
number from ~500 mv near A =50 to ~30 mv near A = 240 with distinct 
peaks occurring for nuclei just preceding closed shells (92, 93). Various at- 
tempts to account for this trend have been made (92, 93, 98, 124). The total 
radiation width may be computed by summing the partial widths of all y 
rays in the primary spectrum. The most detailed approach has been that of 
Cameron (98) who used the following expression derived from the theory of 
Blatt & Weisskopf (96): 


Eg-A 
T, = (km:)A*/*D(Ep) f ep! (Eo — de 24. 
0 


where I’, isin ev and D, €, and Eo are in Mev. The density p’ is the density of 
all levels at (Eo—e) which are fed by E1 transitions from the capturing state. 
Radiation widths computed in this way, with p’ given by a modified version 
(98) of Newton’s formula (118) and with (kgi) as an adjustable parameter, 
closely reproduced the variation of I’, with A for nuclei in the range A >70. 
There remained a small tendency for the ratio I’, (observed) /T, (calculated) 
to form a maximum in the region 150<A <180. The value of (kg1) cor- 
responding to this fit, 3.3 10-* ev/Mev,* is plotted in Figure 3 where it is 
seen to be much lower than the kg: values for the individual primary y rays; 
it corresponds to a Dy of 330 Mev. This low value of (kz1) may be accounted 
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for in part if, as mentioned above, the Newton-Cameron level density ex- 
pression introduces too many levels at low excitation energies, for then I’, 
would be shared between too many y rays. 


Ill. EPITHERMAL NEUTRON CAPTURE 


The capture y-ray experiments reviewed in this section are concerned 
with the detailed study of the spectra from different resonances. The princi- 
pal objects of these experiments have been: (a) to identify which isotopes in 
a natural target are responsible for various resonances, (b) to determine the 
distribution of the partial radiation widths for primary y-ray transitions to a 
given final state from resonances of the same spin, and (c) to determine the 
spins of resonances. 

Experiments in which capture y rays serve only as a convenient tool for 
determining various other nuclear properties will not be discussed in detail. 
Notable experiments of this type are the pulsed beam, self-indication trans- 
mission measurements carried out at the Nevis synchrocyclotron (125, 126) 
and resonance capture cross-section measurements at Harwell (127, 128). 
The object of these experiments is to obtain the energies, spacings, neutron 
widths, total radiation widths, and spins of energy levels. In the same cate- 
gory are various experiments to determine radiative capture cross sections 
with the aid of pulsed neutron beams and neutron capture gamma-ray total 
absorption detectors (129, 130, 131). Recently, neutron capture y rays have 
also been used to determine photonuclear cross sections and thresholds in a 
number of heavy nuclei (132). 

Nearly all measurements of the y-ray spectra from individual resonances 
have been limited to neutron energies below approximately 2 kev, with most 
attention concentrated in the region below 300 ev. From elementary barrier 
considerations one expects that resonances in heavy nuclei at neutron en- 
ergies less than, say, 500 ev are almost certain to be of s-wave type. However, 
relatively strong p-wave resonances may be encountered in nuclei situated 
near a maximum in the p-wave strength function, and in these special cases 
it may not be safe to assume that all resonances observed at these energies 
are s-wave resonances. The magnitude and the dependence on mass number 
of the p-wave strength function are not nearly so well known as for the s- 
wave strength function, but this function does appear to have a maximum 
or maxima near A equal to 100 (133, 134) and another is expected near A 
equal to 200. Indeed, the frequent occurrence of resonances with unusually 
small neutron reduced widths in neutron cross-section experiments of 
Saplakoglu e¢ al. (135) in Nb®-+-n; Desjardins et al. (126) in Ag!®71%-+-n; 
and Bollinger et al. (136) and Rosen et al. (125) in U**-+-n have been inter- 
preted as showing that weak p-wave resonances are being detected at en- 
ergies even below 100 ev. Unfortunately the study of individual y rays in the 
spectra from these weak resonances would be difficult; and neutron-gamma 
angular distribution experiments, which would give spin information if the 
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levels are indeed produced by p-wave capture, seem rather beyond the range 
of present techniques. 

Only one experiment to study the y-ray spectra following capture of fast 
neutrons has been reported [Bergqvist & Starfeldt (137)]. The object of this 
experiment was to measure the spectra following capture of 125-kev neutrons 
in various elements and to compare these with the thermal spectra in order 
to determine changes in the spectra caused by p-wave capture, and to throw 
light on the role played by ‘“‘direct” capture at different neutron energies 
(Sect. IV). 


A. SUMMARY OF TECHNIQUES 


All resonance neutron capture y-ray measurements involve time-of- 
flight methods for selecting neutrons of the desired energy from a heterogene- 
ous beam. Both pulsed neutron beams from accelerators or mechanical veloc- 
ity selectors (fast choppers) using neutrons from reactors have been used as 
sources. The first capture y-ray experiments of this type were carried out at 
Yale University (138) using a 6-Mev electron linear accelerator. More pow- 
erful linear accelerators have been used at Harwell (139 to 142) and at Saclay 
(143, 144). A pulsed beam from a cyclotron has been employed by Galanina 
et al. (145). Fast choppers have been used for capture y-ray measurements 
at the Argonne reactor (57, 146, 147) and at the Brookhaven and Chalk River 
reactors (148, 149, 150). In all of these experiments the problem of obtaining 
a satisfactory y-ray counting rate is of paramount concern. Flight paths con- 
sistent with adequate neutron energy resolution and which, at the same 
time, permit reasonable y-ray counting rates with targets of manageable 
size (of the order of 200 cm? in area), range between 3.1 m (138) and 53.8 m 
(144). 

The fast-neutron source used by Bergqvist & Starfeldt (137) was ob- 
tained from the H°(p, m)He' reaction at a bombarding energy of 1.3 Mev. 
Neutrons striking the target (at 75° to the proton beam) had energies in the 
range 125+35 kev. The proton beam was pulsed and a time gate was used 
to discriminate against background radiation reaching the y-ray detector 
later than the y rays of interest. 

Because of the low neutron beam intensities all measurements of epither- 
mal neutron capture y-ray spectra have been made with large Nal scin- 
tillators. These are used as single crystals (140, 144) or in clusters to increase 
the detector efficiency (151). The Argonne group has reported some experi- 
ments (57, 147) in which two detectors have been used for detection of 
coincidences between pairs of capture y rays. Various methods of time and 
pulse-height analysis have been used to maximize the efficiency of data re- 
cording (57, 152, 153). 


B. SUMMARY OF RESULTS 


Gamma rays in different parts of the spectrum present different advan- 
tages for attacking the three types of problem alluded to earlier, isotope iden- 








288 BARTHOLOMEW 


tification, measurement of partial radiation width distributions, and spin 
determination. It is to be expected that since the low-energy levels in a heavy 
nucleus are fed by many different cascade channels they would reach nearly 
the same populations for all resonances of the same spin and that these popu- 
lations would not differ greatly for resonances of adjacent spin. Therefore, 
the intensities of the strong low-energy y rays emitted in the decay of these 
levels should also vary little for resonances of adjacent spin. In spite of the 
statistical smoothing process, however, such small differences as may be ob- 
served in certain nuclei may give information about the initial spin (154). 
Furthermore, since each product nucleus usually has a distinctive level 
scheme, these spectra provide a reliable way of distinguishing between res- 
onances belonging to different isotopes. The intensities of the high-energy 
primary y rays, on the other hand, are subject to no statistical smoothing, 
and the strengths of primary transitions to a given final state may be ex- 
pected to be strongly dependent not only on the spin but also on other indi- 
vidual properties of the resonances. These y rays are therefore found to be 
useful not only for spin identification but also for studying the fluctuations of 
radiation widths. They are also used occasionally for isotopic identification 
of resonances; for example, they may be used to pick out resonances associ- 
ated with the product nucleus with the greatest neutron separation energy. 

1. Isotope identification.—Isotopic identifications of resonances have 
been made in neodymium by Draper & Hickok (155), in erbium by Fenster- 
macher e¢ al. (156), in platinum by Bird & Waters (141), and in mercury by 
Carpenter & Bollinger (57). In some cases, the assignments may be com- 
pared to those deduced from transmission measurements using separated 
isotopes. For example, in Nd and Pt several resonances have been identified 
in transmission measurements by Stolovy & Harvey (93), and the isotopic 
assignments in mercury were verified in a similar manner by Carpenter & 
Bollinger (57). The excellent agreement of the isotopic assignments by the 
two methods attests to the reliability of the y-ray methods. 

2. Fluctuations of primary gamma-ray partial radiation widths —The 
determination of the distribution of partial radiation widths of y rays emitted 
in transitions to the same final state from different resonances of the same 
spin is of interest not only theoretically, for the light it may cast on the 
problem of radiative transitions from complicated initial states, but also for 
the ‘‘practical’’ purpose of determining the spins of resonances. It is well 
established that, in general, radiation widths of primary neutron capture 7 
rays of a given multipolarity conform to broad distributions ranging over 
several orders of magnitude (Sect. IIB1). It is also known from charged par- 
ticle reactions in light elements that partial radiation widths for transitions 
to a given final state from highly excited (unbound) states of the same spin 
fluctuate by at least an order of magnitude [see Table XV in the review by 
Lane (157)]}. It is of interest to determine whether large fluctuations of the 
latter type also occur in neutron resonances in heavy nuclei or whether some 
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averaging process, perhaps associated with the complex nature of such 
resonances, operates to narrow the distribution. It is customary to measure 
such fluctuations by assuming that the partial widths follow a x? distribu- 
tion with v degrees of freedom [Porter & Thomas (158)]. This distribution 
for variable x is 


P(x, p)dx = T'(p)—(px)?e*pdx 25. 


where v= 2p and I'(p) is the gamma function. Quantitatively, then, the ques- 
tion is whether the partial radiation widths follow a one-channel distribution 
(v=1), as do the neutron widths, a many-channel distribution as do the total 
y-ray widths (vy >50 for U***+-mn), or something in between as do the fission 
widths 2 <v <4 [see Harvey (159)]. 

Present-day detection techniques using Nal scintillators preclude the 
possibility of studying the intensities of any primary y rays except those 
feeding the ground state and one or two of the low-lying excited states. 
Even for these, the task of obtaining reliable intensity data is very difficult. 
Not only are the problems of low counting rate and relatively high back- 
ground formidable, but also the poor inherent resolution necessitates the use 
of troublesome unfolding procedures to extract individual line intensities 
from the combined spectrum. In addition, the high-energy tails of many in- 
tense low-energy lines may make a significant contribution in the energy 
region of interest, and ultimately the intensity of the sum peak caused by 
simultaneous detection in one detector of two cascading y rays imposes a 
lower limit on the intensities that can be measured. The quantity usually 
considered to be proportional to the partial radiation width is, in these ex- 
periments, the ratio of the number of counts in an energy interval which in- 
cludes the y-ray total absorption peak to the total number of counts within 
a wide energy interval which includes most of the spectrum. It is assumed 
that the counting rate from the latter channel is proportional to the total 
number of captures and that the total radiation width remains constant from 
resonance to resonance. The error in this method of estimating relative par- 
tial radiation widths is of the order of the variations of V from resonance to 
resonance which have been found by Springer & Draper (123) to be usually 
less than 25 per cent. 

Various attempts to determine v (Eq. 25) have been reported. Wide fluc- 
tuations of an order of magnitude or more have been observed for the in- 
tensities of individual high-energy y rays in product nuclei W'™ (140, 146, 
160), Pt!% (140, 141, 150, 160, 161), and Hg*® (140, 142, 161). Bollinger and 
co-workers estimate that there is an 80 per cent probability that v falls in 
the range 0.7 <vy <2.0 from their Pt!® results and in the range 0.3 <vy <1.9 
from their Hg? results (161). Chrien and co-workers estimate v1 for single 
y rays in Pt (150). Contrasting with these results is the observation by 
Hughes et al. (162) of small fluctuations of the intensity of a y-ray peak at 
4.06 Mev over ten resonances in U#8+-. Unfortunately little is known about 
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the origin of the 4.06-Mev radiation in the U**® decay scheme or about the 
number of y rays of about the same energy that may be present in the 
spectrum. Thermal-neutron capture measurements at 1 per cent resolution 
(100) show that, in addition to the strong apparently monoenergetic line at 
4.06 Mev, at least one weak y ray may be present within the 240-kev resolu- 
tion used by Hughes et a/., and it seems likely that others may also be present. 
That a large number of y rays may not be necessary to give the observed 
effect is suggested by recent observations of Chrien et al. (150). They found 
that when the intensities of the three y rays feeding the ground state and 
first two excited states in Pt!* are summed, the fluctuations of the total 
intensity correspond to a v of ~11 and not 3 as expected if the transitions 
were independent and each followed a x? distribution with y=1. The possi- 
bility that the W'** y rays may show the same effect was pointed out by 
Bollinger e¢ al. (146). Correlations of this sort could account for the U*® re- 
sults, but at the same time would call into question the applicability of the 
x? distribution, since a basic assumption justifying the use of this distribu- 
tion is that the partial widths be independent (158). 

(3) Spin assignments.—It is clear that the large fluctuations in Ty’ pre- 
clude any universal method of distinguishing between alternative J, values 
based on the observation of primary y-ray intensities alone. However, a 
critical test is still possible in special cases where a transition is allowed for a 
resonance with spin J,, but forbidden for the alternative spin J.,. Observa- 
tion of this “critical” ray then definitely establishes the spin as J;, al- 
though failure to observe it does not prove that the spin is J... These condi- 
tions apply ideally when the final state has spin 0 and the resonances are 
either 0 or 1, although situations in which the y ray is M2 for one spin 
and £1 for the other are, for all practical purposes, equally reliable. Both 
conditions apply when the target nucleus is }-. In the first experiment of this 
type [Landon & Rae (139)] it was shown that the 34-ev resonance in Hg!*¥-+-n 
decayed by the emission of a ground state y ray and therefore could be as- 
signed J,=1. In more recent experiments similar measurements have been 
made at other resonances in Hg! and in other nuclei with the same spin and 
parity. The most extensive work has been that of the Saclay group who have 
identified over two dozen J,=1 resonances in both W!%-+-n and Pt!%-+n 
(143, 144). 

Two coincidence methods have been investigated by the Argonne group 
in an effort to improve the resolution for detecting individual primary transi- 
tions and to find a reliable method for making J, assignments for a wider 
range of target spins. In Mn**+-n the capture spectra at thermal energies and 
at three resonances of known spin at 337, 1080, and 2360 ev were studied by 
observing the low-energy rays in one detector in coincidence with y rays 
of high energy accepted by an energy channel associated with a second 
detector (147). It was found that the coincidence intensity ratios for the low- 
energy Y rays were markedly different for the two 3— resonances at 1080 and 
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2360 ev and that, contrary to expectations, the thermal neutron capture 
y-ray spectrum was not the same as that of the nearest 2~resonance at 337 
ev. The second coincidence method (163, 164) consisted of measuring the 
combined counting rate of all two-step cascades whose total energy was 
equal to the binding energy. This quantity, when normalized for the res- 
onance cross section, may be expected to depend on the spin of the initial 
state. Measurements with Cd"'!-+n, Cd™-+-n, and Hg!*®-+-n resonances con- 
firm that large differences in the coincidence rate occur from resonance to 
resonance and that in Hg'®*+-n the differences are correlated, as expected, 
with the known resonance spins. 




















TABLE IV 
RESONANCE SPINS DETERMINED BY CAPTURE 7-RAY METHODS 
J by y-ray methods J by 
Terunt Resonance other 
ev Argonne | Brookhaven | Harwell | Saclay USSR Yale methods 
(146) (150, 165) (141) (144) (145) (160) (166) 
Pti%s 11.8 1 1 1 1 1 
19.4 1 1 [0] {1] 1 
68.9 1 1 1 1 1 1 
113.0 1 1* {1] 1 
120.5 1 1* 1 1 
140 1 1* 1 1 
151 {1] _ 1 1 
155 [1, 0] _ 1 [0] 
189 1 1* 1 
203 0 [0] 
223 1 1* 1 
252 [0] — [1] 
Argonne | Brookhaven Harwell (57, 103, 
(57) (152) | (13% 140, 142) 
142, 153) 
Hgiss —2 0 [0] 0 
34 1 1 1 {1} 
130 0 [0] [0] 
173 1 1 1 





























* These spin assignments are not actually stated in (141) but may be inferred from the y-ray 
intensity information presented. 


The results of various laboratories for the spins of resonances in Pt!®-+-n 
and Hg!®°-+-n are compared in Table IV. The lists are limited to a few of the 
lower-energy resonances in each nucleus where the results of more than one 
group are available. Doubtful assignments are shown in brackets. Wherever 
possible, spin determinations by other methods are also shown. The spin de- 
terminations by the y-ray methods are for the most part in good agreement 
with each other and with the other methods. However, as expected, the re- 
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sults reflect an uncertainty in discriminating between levels with spin 0 and 
levels with spin 1 but which emit abnormally weak ground state y rays. 

Investigations of the strong low-energy ¥ rays and their possible applica- 
tion in determining the resonance spin have been carried out largely by the 
Yale group (138, 154, 156). Others reporting similar measurements are Bird 
et al. (142) and Vogt (167). Significant fluctuations have been found in 
In™5+-m (154, 167) and in Hf!77+-n (156). The extent to which such fluctua- 
tions reflect the spins of the capturing resonances is not well established since 
not all of the resonances for which fluctuations have been observed have 
known spins. A positive correlation does appear to be present in the y rays 
from the 1.5-, 3.9-, and 9.1-ev resonances in In™5+-” (167). 

The question of the spin dependence of the isomeric capture cross sec- 
tion ratio and the multiplicity W is obviously closely related to that of 
the spin dependence of the intensities of low-energy y rays. Both the iso- 
topic capture cross-section ratio (168) and NW (123) have been measured 
for the In"™® resonances already mentioned; and the fluctuations, like those 
of the intensities of the low-energy y rays, are found to be correlated with the 
known resonance spins (169). A similar correlation of isotopic capture ratio 
(170) and spin is observed in Eu"'+ (171, see also 116); the accuracy of 
the measurements of V (123) is not, however, great enough to show whether 
or not this quantity also varies for the resonances concerned. In Hf!"7+-n, 
differences in the intensities of low-energy y rays (156) do not appear to be 
accompanied by very large differences of WV. In sum, the available experi- 
mental evidence seems to support the belief that these various quantities 
may provide reliable methods of determining the resonance spin. 

The total radiation widths in some nuclei also show significant fluctua- 
tions from resonance to resonance, and this raises the possibility that T', 
may provide a means of identifying J,. However, as pointed out by Brink 
(124), assuming a (2/+1) statistical spin dependence of the level density,® 
Equation 24 should be independent of spin. Fluctuations of I’, have been ob- 
served in neutron capture in In"™> and Eu’ by Landon & Sailor (172), in 
Hf!”? by Igo & Sailor (173), in Au'®’ by Desjardins et aJ. (126), and in Hg?” 
by Carpenter & Bollinger (57) and by Bolotin et al. (174). In both In"™® and 
Eu the fluctuations of I, appear to be correlated with J,. On the other 
hand, in silver the values of I’, for levels with J, equal to 0 and 1 are the same 
to an accuracy of 10 per cent [Rae ef al. (128)], and in Au!” resonances of the 
same J, have I, differing by almost a factor of 2. In Hg? where, unfortu- 
nately, only two of seven resonances studied have known spins, fluctuations 
of I’, of the order of a factor of 2 are also observed (57). Although the Hg?” 
data are consistent with the possibility of a spin dependence, the fluctua- 
tions are of such strength that there appears to be no obvious division of the 
values of I’, into two distinct groups. Moreover, the fluctuations may be 
accounted for entirely by fluctuations of I,’ of a few individual primary y 


6 This spin dependence is a good approximation to Equation 6 for ¢>3. 
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rays (57). Finally, we note that theoretical analysis by Vogt (175) of the 
neutron cross section in U*** shows that the first two resonances have the 
same spin and I’, differing by almost a factor of 2. The present evidence, 
therefore, indicates that the total radiation width may not provide a reliable 
method for determining the resonance spin. 

The above pattern is not inconsistent with the statistical model. The 
relative intensities of transitions between low-energy states, the isotopic 
capture cross-section ratios, the multiplicity, and the intensities of two-step 
cascades are similar in that they all depend on the spin difference between 
J, and the J of a particular level or levels such as the ground state or other 
low-lying states and are all statistical quantities depending on an averaging 
process involving many cascade routes. In the limit of a perfectly ‘‘statisti- 
cal’”’ decay scheme (constant average reduced radiative width and smoothly 
varying level distribution with high level density), each of these quantities 
would remain constant for levels of the same J, but would be expected to be 
somewhat different for levels with different J,. For less than perfectly sta- 
tistical level systems, where transitions to a few favored levels may dom- 
inate the cascade, the above quantities will reflect the random fluctuations 
of T',’ for these few strong transitions. Depending on the prominence of in- 
dividual primary y rays, these fluctuations may be large enough to obscure 
the J, dependence. On the other hand, following Brink (124), [, must be 
constant and independent of J, in the completely statistical level system. For 
less than perfectly statistical level systems I’, will also fluctuate in a manner 
depending on the contributing partial widths. In the special case of a “‘non- 
statistical’’ decay scheme, wherein the level spacing is low and one or two 
critical y rays are predominant for J.=J+4 but spin forbidden for the al- 
ternative value of J,, all of the quantities considered above, including I,, 
may show a dependence on J, which reflects that of the critical y rays. These 
considerations indicated that the low-energy y-ray intensities, the intensities 
of two-step cascades, the multiplicity, or the isomeric cross-section ratio in 
very complex spectra should provide a reliable index for J,, provided it can 
be shown to be improbable that random fluctuations of the I,’ could cause 
the fluctuations observed. It may be possible to deduce this from examina- 
tions of the primary spectrum at each resonance. One is also led to believe 
that the total radiation width does not, in general, provide a trustworthy 
method of determining J, and, at best, can provide no better means of spin 
discrimination than could be obtained from observing the intensities of criti- 
cal primary y rays (if any) in the same spectrum. 


IV. CAPTURE MECHANISM 


Several phenomena suggest that neutron capture does not completely 
conform to the predictions of the strong interaction or “black nucleus” 
model. On the basis of this model no correlations between the final state 
particle configuration and the transition probability for y rays of given 
multipolarity are predicted. That contributions to the capture cross section 
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from external parts of the wave function may be significant was recognized 
by Breit & Yost (176), and a mechanism of this sort has been invoked by 
Thomas (177, 178) and Griffiths (179) to account for anomalous capture 
cross sections in light elements. An attempt will be made here to summarize 
the evidence against complete adherence to the black nucleus picture for 
neutron capture and briefly sketch the conclusions of the recent, detailed 
theoretical description of low-energy neutron capture given by Lane & Lynn 
(180, 181). 

One piece of evidence against strict adherence to the black nucleus pic- 
ture has been mentioned several times above, viz., the discrepancy between 
the amount of radiation observed experimentally in the high-energy spec- 
trum of certain nuclei and the theoretical predictions. This enhancement of 
the high-energy spectrum is very apparent in the nuclei 170 <A <208, where 
a connection with the presence of the 3p shell-model orbital in states near 
the ground state has been recognized (4, 94). A similar predominance of iso- 
lated y rays feeding states with a large p-wave admixture is very obvious 
from inspection of the spectra of nuclei in the mass range 24<A <70 (94) 
although, as we have seen, there is no evidence in Figure 3 for unusually 
large transition probabilities for these y rays. The involvement of the p-wave 
neutron orbital in the region 170 <A <208 is further indicated because the 
energy of the group of strong y rays varies with A in a manner which cor- 
responds to the change of binding energy of the state in the nuclear well 
[Groshev et al. (4)]. A similar effect is noticeable for A <70 (180). It is also 
relevant, as pointed out by Groshev & Demidov (182), that there is a super- 
ficial similarity between the spectra of neighboring even-odd and odd-odd 
isotopes in the region A <60 insofar as the one or two anomalously strong y 
rays in the even-odd nucleus are matched by a group of outstanding y rays 
in the odd-odd nucleus. This effect suggests that the neutron state in the 
odd-odd nucleus is shared among the multiplet states formed by coupling 
the odd neutron and proton. 

A dependence of the y-ray transition probability on the shell-model con- 
figuration of the final state is also apparent from a comparison of competing 
transitions in certain nuclei. For example, Zaretskii (183) has shown that 
the relative probabilities for primary transitions to the 21/2 and 23/2 neu- 
tron levels in Si?*, S%, Ca, and Ni5* may be calculated with satisfactory 
accuracy using a single-particle model. As another example, it has been 
pointed out by Lane & Lynn (181) that the El y rays in K* feeding the 
ground state multiplet [(d3/2), f7/2] have matrix elements almost an order 
of magnitude smaller than those feeding the excited state multiplet [(d3/2)—, 
3/2]. A similar inhibition for transitions which involve a single-particle s—f 
neutron jump would explain the relative weakness of the ground state transi- 
tions in K® and Sc*® (3). In Pb?°’, the capture transition of the f1/2 ground 
state is at least 25 times (91) stronger than the transition of the } level at 
0.87 Mev which presumably has a configuration that cannot be formed by a 
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single-particle transition from the initial state formed by adding an s-wave 
neutron to the Pb?” core (181, 184, 185). 

Strong evidence for single-particle effects in neutron capture is also pro- 
vided by the similarity between the intensities of neutron capture y rays and 
proton groups in the corresponding (d, p) stripping reaction. This similarity 
was noticed in early investigations of both reactions in Si®*, S** (186), P%? 
(187), Al?® (188), and Ca* (102). Later experimental evidence has been thor- 
oughly reviewed by Groshev et al. (4). An explanation of this effect has been 
suggested by Lane & Wilkinson (189) who pointed out that the matrix ele- 
ments of both reactions contain a parentage overlap factor which, in the ex- 
treme case of a unique (target nucleus) parent for the radiating state in the 
(n, y) reaction, could give rise to a correlation between the intensities of cor- 
responding y rays and proton groups. The unique parent concept is of course 
not consistent with the usual compound nucleus picture. This hypothesis has 
been examined quantitatively by Bockelman (190) with the aid of data from 
the mass range A<41. In this investigation certain quantities r, propor- 
tional to the quotient *,,/y’ap of matrix elements for the two reactions, 
were computed from the relative reduced widths in the (d, p) reaction and 
the y-ray absolute intensities in the (m, y) reaction. Ratios of the quantities 
r for transitions involving £1 radiation (or pure M1 radiation) were found to 
be confined within rather narrow limits predicted by the theory for the 
product nuclei Li’, Mg*®, Al?8, Si?®, S33, and Ca* as well as in a number of 
other cases for which the test was, however, rather less definitive. In B", 
C8, and N* the rule was not obeyed for reasons which may be connected 
with capture in specific resonances (190). 

Various calculations to explain some of the neutron capture ‘y-ray in- 
tensity anomalies have been carried out by different authors (178, 184, 190). 
However, the most complete description of the capture mechanism was 
given recently by Lane & Lynn (180, 181) and in the following we shall de- 
vote our attention largely to their findings. These authors began with basic 
dispersion theory and derived a formulation for the complete capture cross 
section in the resonance region in terms of three parts: (a) the familiar com- 
pound nucleus (resonance internal) part, (b) a contribution from capture in 
the entrance channel caused by modifications in the wave function produced 
by nearby resonances, and (c) the contribution from hard-sphere potential 
scattering together with its modification by the “‘direct’’ capture induced by 
distant resonances. Both the potential and “channel resonance”’ cross sec- 
tions depend on the strength of single-particle p-wave configurations in the 
final states and can give rise to strong radiative transitions when the p-wave 
admixture is large. Moreover, Lane & Lynn established the important result 
that even the resonance internal part may give rise to enhanced transitions 
to pure single-particle p states if the initial-state neutron reduced width is 
large. It is necessary to assume a nuclear model in order to estimate the po- 
tential capture cross section and thus arrive at realistic estimates of the rela- 
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tive importance of the various cross sections for elements of different A. Lane 
& Lynn based their calculations on two models: (a) the strong coupling 
model with the assumption of relatively pure single-particle final states and 
(b) the intermediate coupling model with a diffuse complex potential (ignor- 
ing spin-orbit coupling) with the assumption of a pure single-neutron p state 
for the final state. The calculated cross sections were compared with the frac- 
tion of the observed capture cross section which corresponds to the emission 
of y rays of anomalously high intensity in the mass regions A <70 and 170 
<A <208 where p states occur near the ground state. It was found that po- 
tential capture could make a significant contribution to the anomalous cross 
section in lead, and also for some nuclei above A =60 and below A =45 for 
which this cross section amounted to a few tenths of a barn. In some of the 
lighter nuclei and particularly between Sc* and Co®*, where the complex po- 
tential gave rise to a minimum in the potential cross section, the ‘‘channel 
resonance” cross section was sufficient to account for the anomalous in- 
tensity. For most of the nuclei in the range 170<A <208 the enhanced 
transitions could not be accounted for by either potential or channel reso- 
nance capture. On the other hand, the mean reduced radiation width for a 
transition to a pure p state from a resonance with a large neutron-reduced 
width was found to be comparable to the observed values in Figure 3 in the 
region 140 <A <180 from the complex potential-well calculation. A plot of 
the reduced radiation widths as a function of mass number reached a maxi- 
mum near mass number 160. A similar calculation showed that exceptionally 
strong y rays feeding final p-wave states could follow capture in resonances 
with large neutron widths in the region 40 <A <70. 

The conclusion of Lane & Lynn that an appreciable part of resonance 
capture occurs through coupling a single s-wave neutron to a number of low- 
lying excited states of the target, in the initial state, and coupling of a single 
p-wave neutron to the same target states in the final state of the compound 
nucleus appears to account at least qualitatively for many of the observed 
intensity anomalies. The same mechanism was suggested by Cameron (98) 
to explain the maximum he found in the total radiation width for nuclei 
near mass number 160, after correction for level density effects had been 
made. Such an increased total width would be expected to coincide with the 
maximum in the partial radiative width for transitions to states with a large 
p-wave admixture following resonance capture in these nuclei. As pointed 
out by Bartholomew (106), a similar explanation may account for the large 
differences in intensity, of the order of a factor of 100, between competing 
E1 transitions to low-lying levels for a number of nuclei in the same mass 
region, viz., Nd'4, Gd'®, Gd'58, Hf!78, and W'83. It seems possible that the 
failure of y rays in the region A <70 to show kg, values as large as those of 
heavier nuclei (Fig. 3) may be connected with the fact that the former may 
be produced by potential capture while the latter are a resonance phe- 
nomenon. On the other hand, there are some intensity anomalies which do 
not appear to fall within the framework of the Lane-Lynn theory. In par- 
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ticular, the exceptionally large values of kg, for y rays in nuclei near mass 
numbers 90 (and 240) in Figure 3 cannot be explained by the complex po- 
tential-well calculation since these nuclei occur at minima in the s-wave 
strength function where enhanced radiation widths are not predicted. 

The implications of these anomalous capture effects for the question of 
the fluctuations of the intensities of primary y rays from resonance to 
resonance are not entirely clear. However, the partial width for an ‘‘enhanced”’ 
transition to a single-particle p state following resonance capture as given 
in the Lane-Lynn theory is proportional to the reduced neutron width of 
the resonance, and therefore the radiation widths for such y rays would be 
expected to conform to the x? distribution with y=1 obeyed by the neutron 
widths. Much remains to be done in investigating anomalous capture ef- 
fects as a function of neutron energy both at resonances and between 
resonances. A beginning in this direction has been made at high neutron 
energies by Bergqvist & Starfeldt (137). 
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NEUTRON DIFFRACTION’ 


By M. K. Wirxkrnson, E. O. WoLLAN, AND W. C. KOEHLER 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 


INTRODUCTION 


The words “neutron diffraction” are taken to encompass all the scattering 
phenomena associated with the passage of thermal neutrons through matter. 
These scattering processes are most readily understood in terms of the wave 
properties of the neutron, and the word “diffraction” emphasizes the interfer- 
ence effects which are associated with most scattering phenomena. 

Although the wave properties of material particles were known when the 
neutron was discovered in 1932, neutron diffraction became a practical tech- 
nique in a real sense only after intense neutron beams were available from 
nuclear reactors about ten years later. In the succeeding few years it was 
found that beams of neutrons could be diffracted by crystals and that they 
could be totally reflected at grazing angles by mirrors in much the same way 
as a beam of X rays. It was also found that neutrons could be spin polarized 
by reflection from magnetized mirrors or by Bragg reflection from magnetized 
crystals. These and other technical achievements opened up many possi- 
bilities for a large range of previously impossible neutron experiments. These 
experiments include studies in nuclear physics, crystal structure determina- 
tions, and crystal dynamics, and investigations of magnetism at the atomic 
level. 

In its applications to solid state problems, neutron diffraction is similar 
in theory and experiment to X-ray diffraction, but its importance arises from 
the significant differences in the scattering of these two types of radiation. 
The scattering of X rays by atoms results from a scattering interaction 
with the atomic electrons, and the scattering amplitudes are approximately 
proportional to the atomic number of the scatterer. Since the electrons are 
distributed within the atom at distances comparable to X-ray wavelengths, 
interference effects occur which produce an angular distribution of the 
scattering (usually referred to as a form-factor) that is descriptive of the 
spatial distribution of the electrons. In the scattering of neutrons by atoms, 
there are two important interactions. One is the short-range nuclear inter- 
action of the neutron with the atomic nucleus, and the other involves the 
interaction of the magnetic moment of the neutron with the spin and orbital 
magnetic moments of the atom. The nuclear interaction produces isotropic 
scattering, and there is no regular variation of scattering amplitudes with 
atomic number. The magnetic interaction depends on the size and orienta- 
tion of the atomic magnetic moment, and the intensity of scattering has a 
form-factor angular dependence that is representative of the magnetic 
electrons. 


1 The survey of literature pertaining to this review was concluded in March 1961. 
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An attempt will be made in this article to give an over-all view of the 
research that has been and is being done in the various fields involved with 
neutron diffraction techniques. It is impossible to include specific details of 
the investigations or exhaustive coverage. Additional information can be 
found in review articles by Bacon (1), Shull & Wollan (2), and Ringo (3). 


THEORETICAL CONSIDERATIONS 


WAVE PROPERTIES 


The behavior of neutrons, as well as that of other material particles, is 
well described by the equations of quantum mechanics. Associated with such 
particles is a de Broglie wave of wavelength \=h/mv=h/(2mE)/?, where m 
is the mass, v the velocity, and E the kinetic energy of the particle. The 
amplitude and phase of the associated wave at a given point in space and 
time are represented by a wave function V(x, y, z, t), and the quantity 
WW*dr gives the probability of finding the particle in question in a volume 
element dr at a time ¢. The wave equation representing the interaction of a 
neutron with an atom is 


Ve + ke =0 1. 


in which k’ = [2m(E— V)/h?]"? is the wave number inside the atom where 
the interaction potential is V(r). 


SCATTERING BY AN ATOM 


Nuclear scattering —The interaction of neutrons with isolated nuclei may 
be formulated in terms of the Breit-Wigner resonance theory [see e.g. (4) ]. 
According to this theory, nuclear processes occur through the formation of 
a compound nucleus which comprises the neutron and the target nucleus. 
Since the scattering of thermal neutrons by nuclei involves only s-wave 
neutrons with a spin of 3, the compound nucleus can only have spins of 
I+4 and I—3, where J is the spin of the target nucleus. The scattering cross 
section and its dependence on the energy of the incident particles are given 
by the Breit-Wigner one-level formula which has the form 


- KoD'a/2 
sihitiates lz — Ey) + ir/2 


where 6 =4[1 +1/(2I+1)]. In this expression, Ao is the wavelength at reso- 
nance divided by 27, I’, the neutron width at resonance, I’ the total width, 
E the energy of the incident neutrons, Eo the energy of the resonance, dpi 
the potential-scattering amplitude for the combination of neutron and target 
spins involved in the resonance, dp: the potential-scattering amplitude for the 
other possible combination of spins, and 8 a weighting factor that depends 
on the spin of that state in the compound nucleus showing the resonance 
(if the resonance state is +4, the sign is positive, and if it is 7—}, the sign 
is negative). 

When there are no resonances near thermal energy, the cross section cor- 
responds only to the potential scattering, and the scattering amplitude is 
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real and positive. Potential scattering can be represented as the scattering 
by an impenetrable sphere of radius ay, and the cross section is given by 
4ra,*. There is a regular variation of this cross section with mass number A, 
since dp ~1.5X10~-"A"? cm. 

When the energy is close to a scattering resonance, large deviations from 
potential scattering may be observed. The scattering amplitude can have 
imaginary components of appreciable size and can also be negative in sign 
when the interference effects between resonance and potential scattering re- 
sult in a phase change on scattering opposite to that in potential scattering. 
Since potential scattering corresponds to scattering by an impenetrable 
sphere, the outgoing wave must be exactly out of phase with the incident 
wave; in other words, a phase change of 180° must occur in the scattering 
process. This phase change has been verified experimentally (5) in studies 
made on the reflection of slow neutrons from mirrors containing nuclei with 
no nearby resonances. A similar phase relationship exists for scattering in 
which the potential term is dominant and for those scattering processes 
where the neutron energy is larger than the resonance energy. However, 
when E <£o, the phase change on scattering will be 0° under certain condi- 
tions, and the corresponding scattering amplitude will be negative. 

Magnetic scattering—In addition to the interaction of neutrons with 
atomic nuclei, there is a strong interaction between the magnetic moment 
of the neutron and the magnetic moment of an atom, for which the basic 
scattering theory was developed by Bloch (6) and by Schwinger (7). The 
interaction involves a potential of the form, V= —fu,-Hadr, where wp is 
the magnetic moment of the neutron, Hy, is the magnetic field arising from 
the spin and orbital moments of the atom, and the integration is performed 
over the volumes of the neutron and atom. The basic magnetic-scattering 
theory has been placed in convenient form by Halpern & Johnson (8) for 
magnetic atoms in which the magnetic moment is due entirely to the electron 
spin. Later theoretical investigations (9, 10, 11) have extended the theory 
to include the scattering of neutrons by atoms in which there is also a con- 
tribution to the magnetic moment from the orbital currents. 

In the Born approximation, the scattered wave resulting from the mag- 
netic interaction between a neutron and a magnetic atom is determined by 
evaluating the matrix elements for the interaction. If the atom has a mag- 
netic moment resulting only from the electron spins, then the differential 
scattering cross section is given by 


do 
— = A%*f*(k) | Gew’xg" | Sv-S — (Sw-e)(e-S) | xwxs) |? 3. 


dQ 
where A is a constant equal to ey/2mc?, y is the magnetic moment of the 
neutron, g is the gyromagnetic ratio, f(k) is the form-factor for the magnetic 
electrons, xs and xw are the spin parts of the wave functions of the initial 
states of the atom and neutron, xs’ and xw’ have the same significance for 
the final states, Sy and S are the spin operators for the neutron and atom, 
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and e is the unit scattering vector given by (k—k’)/| k—k’| , Where Rk and 
k’ are the incident and scattered wave vectors. 

The total magnetic scattering includes interactions in which the spin of 
the atom is flipped in the scattering process as well as interactions in which 
the atomic spin is not changed. These two types of interactions produce dif- 
ferent diffraction effects when neutrons are scattered by a crystal, and these 
effects are discussed in a later section. 


NUCLEAR SCATTERING EFFECTS 


Nuclear-spin dependence—The Breit-Wigner relationship of Equation 2 
indicates that when the scattering nucleus has a spin J, there will be two 
scattering amplitudes corresponding to the two spin states of the compound 
nucleus. In this particular expression, it is assumed that there is a resonance 
in only one of the states, and it should be emphasized that regardless of the 
resonance conditions, there are always two scattering amplitudes (corre- 
sponding to the J+4 and J—}# spin states of the compound nucleus) unless 
the target nucleus has zero spin. Furthermore, the cross sections for the 
scattering by these two spin states cannot be observed separately, except for 
aligned nuclear spins, and the observed cross section represents a weighted 
average of the two individual cross sections. If the amplitude for scattering 
by a free nucleus is designated by a, then the total scattering cross section 
for a single nucleus of spin J is given by 


[:. +1 I ] 
f= ——— 2 ‘otiiaentonme 2 
Cg ar Ir 1 Q1+1/2 ae I i a-1/2 4. 


where the superscript f indicates scattering by a nucleus which is free to re- 
coil, such as an atom in a gas. The cross section contributions of the spin 
states are weighted according to the probability that these states would exist 
in the compound nucleus. 

Chemical binding.—There is a difference in the cross section for neutron 
scattering by an atom which is free to recoil and by one which is bound to a 
particular position, such as an atom in a crystal lattice. The scattering ampli- 
tude b for a rigidly bound nucleus is related to the amplitude a for a free 
nucleus by }=[(1-++A)/A]a, where A is the mass number of the scattering 
nucleus. Consequently, for a bound nucleus with a spin J, the expression for 
the total scattering cross section given in Equation 4 must be changed to 


I+1 I 
b = 4r | ———_B 2 4. ——___. By,_ | 5. 
Cs Fen 141/28 + r41 1-1/2 


The difference between b and a is insignificant for heavy nuclei, but for light 
nuclei it can be appreciable, and, of course, b = 2a for hydrogen. All coherent- 
scattering effects between distant neighbors in a crystal must be associated 
with the bound scattering amplitudes, because recoil effects would destroy 
the coherence. However, in diffuse scattering from a crystal, the effective 
cross section can vary between the bound and free limits, since various 
amounts of recoil energy can be given to vibrational modes of the crystal. 
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Isotopic effects When scattering measurements are made on an element 
that contains more than one isotope, conditions are similar to those resulting 
from nuclear spin dependence. Each isotope has a specific scattering ampli- 
tude, and the observed nuclear scattering cross section corresponds to a 
weighted average of the cross sections for the various isotopes. If the meas- 
urements are made with bound nuclei and all isotopes have zero nuclear 
spin, the total scattering cross section per nucleus will be 


o,° = 44 2B Pnbn? 6. 


where , is the fractional abundance of the nth isotope which has a scattering 
amplitude Dn. 

If each isotope has a nuclear spin J,, then the two effects must be com- 
bined and the expression becomes 


In+1 In 
of = ar} pe Pn [es brnysi2? + mot | 7. 


SCATTERING BY A CRYSTAL 


All of the equations for scattering cross sections given in the previous sec- 
tions represent total scattering cross sections for various types of atoms. If the 
scattering atoms are arranged with a definite periodicity such as that of the 
atoms in a crystal lattice, interference effects between the scattered waves 
cause part of this scattering to be found in discrete reflections. The rest of 
the scattering is incoherent and merely adds to the diffuse scattering by the 
crystal. 

Coherent scattering—The coherent scattering of radiation by a crystal 
can be treated classically as the summation of amplitudes of the scattered 
waves over the crystal lattice. Therefore, the coherent scattering cross section 
always involves the square of the weighted average of the scattering ampli- 
tudes associated with the atoms in the crystal. For a crystal containing atoms 
with a single nuclide with a nuclear spin J, the total nuclear scattering cross 
section is given by Equation 5, but the coherent nuclear scattering cross 
section is 

2 

coh = 4 es bry + waa bv | 8. 
In fact, since this spin dependence in the scattering always exists except for 
zero-spin nuclei, the effective nuclear coherent scattering amplitude is the 
quantity measured in an experiment and it corresponds to b = + (G¢on/4m) "2. 
A similar expression can be obtained for the effective nuclear coherent scat- 
tering cross section of an element which contains more than one isotope; and 
when the experimental values of goon and a, are equal, it is evident that the 
individual nuclear scattering amplitudes for the major isotopic constituents 
must be nearly the same. 

The theory for the coherent scattering of neutrons is closely related to the 
theory which was developed for X-ray scattering, and the equations contain 
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only minor modifications. These scattering equations always involve the 
scattering amplitude per unit cell for the crystal under investigation. Proper 
coherent scattering amplitudes must be introduced; and if the scattering 
specimen contains magnetic atoms, both nuclear and magnetic scattering 
amplitudes must be included. The effective amplitude for the coherent scatter- 
ing of a neutron, which has its spin polarized along a unit vector 2, by an 
atom with a nuclear coherent scattering amplitude 6 and a spin-only mag- 
netic moment parallel to a unit vector x, may be written 


ba + pg 9. 
where p=ASf(k) is the magnetic coherent scattering amplitude with the 
terms defined for Equation 3 and g=x—e(e-x). Therefore, the expression 
for the scattering amplitude per unit cell for a reflection with Miller indices 
of h, k, 1 can be written 


Fret = Qo (bi + 019i) Ri 10. 
7 


where (b;4 + £;q;) is the total scattering amplitude of the jth atom, 
Rj =e? a;tkyjtz) is the usual geometrical factor, and the summation is 
taken over all atoms in the unit cell. 

The integrated intensity in a Bragg reflection is proportional to Fyx7’, 
and if there is only one type of atom in the crystal, this quantity becomes 


Frei? = (0? + 2bpg-% + g*p”) nerRrxi? 11. 


where Rix = >, R; and g?=1—(e-x«)?. It is evident from this expression 
that for unpolarized neutrons the cross-term will average to zero and the 
total intensity is actually the sum of the nuclear and magnetic intensities. 
For polarized neutrons and aligned atomic magnetic moments, the cross- 
term is very important and these conditions will be discussed in a later 
section. 

Incoherent scattering—There are no interference effects in incoherent 
scattering processes, and it is necessary to combine only the intensities of 
the scattered radiation rather than the amplitudes of the scattered waves. 
Incoherent scattering is always present when the total scattering is larger 
than the coherent scattering, and the cross section for this incoherent part is 
merely the difference between a, and o,o.n. For example, the cross section for 
nuclear-spin incoherent scattering from a crystal containing atoms of a single 
nuclide with a nuclear spin J is obtained by subtracting Equation 8 from 
Equation 5 to give 


I(I + 1) 
(22 + 1)? 


It is seen from this equation that the spin incoherent scattering will be zero 
when the scattering amplitudes for parallel and antiparallel nuclear spins 
are equal, and this is certainly the case for a target nucleus with zero spin. 
Similar expressions can be calculated to give the incoherent scattering by a 
crystal which contains an element with more than one isotope or one which 
exhibits a randomness in the distribution of the nuclei. 


(br41/2 — by~1/2)? 12. 


Gspin incoh = 4 
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In the scattering from magnetic materials, incoherent scattering always 
arises from those interactions in which the atomic moments are flipped. 
This scattering depends on experimental conditions such as the neutron 
energy, the coupling energy between magnetic moments, and the short-range 
magnetic correlations in the sample. When the neutron energy is large com- 
pared to the coupling energy, the differential cross section per atom for spin- 
flip scattering from an ordered system of spin-only magnetic moments can 
be expressed (12) 

= 5 Aesrwolt + (e-%)*) 13. 
If there is a randomness in the distribution of magnetic moments throughout 
the crystal, additional incoherent magnetic scattering will occur from those 
scattering processes in which the atomic moments are not flipped. Conse- 
quently, for a paramagnetic material with completely independent mag- 
netic moments, all magnetic scattering is incoherent. The differential cross 
section per atom for paramagnetic scattering from a magnetic substance 
with spin-only moments is given by 
© ao ah 
_—"s Ag*S(S + 1)f?(k) 14, 

Short-range correlations among neighboring atoms cause scattering proc- 
esses in which the scattering is not truly coherent or incoherent. These proc- 
esses can be either elastic or inelastic, and they occur in both nuclear and 


magnetic scattering. The diffraction effects result in angular distributions 
which contain broad maxima similar to those observed in liquid scattering; 
and when these effects occur, the simple pictures given for coherent and in- 
coherent scattering become more complex. A detailed consideration of this 
scattering will not be included in this article, but references to many papers 
which involve the inelastic scattering processes are given in the last section. 


EXPERIMENTAL PROCEDURES 


EQUIPMENT 


Neutron sources—Nuclear reactors now provide the best sources for the 
thermal neutrons required in neutron diffraction experiments, and it appears 
unlikely that other machines will be able to compete with reactors for this 
purpose. The exact energy distribution of the neutrons depends on the re- 
actor construction, but in general it is almost Maxwellian with the maximum 
near 0.07 ev, and this neutron energy corresponds to a neutron wavelength 
of about 1 A. Most of the new research reactors provide a thermal-neutron 
flux in excess of 10" neutrons/cm?/sec, and some have been constructed in 
which the value is about 5X10™ neutrons/cm?/sec. The neutron beam is 
obtained from the reactor merely by constructing a hole of the desired 
geometry through the reactor shield and reflector; and if the hole is tangential 
to the reactor core, undesirable fast neutrons and gamma rays can be mini- 
mized. Removable plugs are usually inserted into the hole to provide the 
desired collimation. 
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Monochromators——Most techniques that have been used in neutron dif- 
fraction experiments require monochromatic radiation. Since the thermal 
neutrons from a reactor have a continuous energy distribution, the mono- 
chromatic beams must be obtained by isolating a narrow slice of the neutron 
spectrum. This process is usually accomplished by diffraction from large 
single crystals, and many substances have been used for this purpose. Crys- 
tals of materials which have large coherent scattering cross sections, small 
incoherent scattering cross sections, and small absorption cross sections are 
obviously preferable; but the mosaic spread of the crystal (13) is also im- 
portant in the selection of a monochromator. In general, it is best to match 
the mosaic spread to the geometrical angular spread of the collimating sys- 
tem (14) since this condition allows the collimating system to be more com- 
pletely filled with radiation. This arrangement may result in reduced wave- 
length resolution, but such a compromise is usually necessary to provide 
optimum neutron intensities. Since most present-day instruments have col- 
limating systems with an angular spread of perhaps one-half degree to a 
degree, metallic crystals are preferable as monochromators, and single crys- 
tals of Be, Cu, and Pb have been widely used. 

When extremely good resolution is necessary, more perfect crystals such 
as NaCl, CaCOs;, or MgO would be preferable. Polarized neutrons are fre- 
quently required in certain investigations of magnetic materials, and, as dis- 
cussed in a later section, such a beam can be obtained in the monochromating 
process from single crystals of an FeCo alloy or of magnetite. 

Filters and velocity selectors can also be used for monochromatization. 
Filters are usually used to obtain a rather rough wavelength selection of 
long-wavelength neutrons, and velocity selectors have had limited use since 
they sacrifice a large percentage of the available neutron intensities when 
the rotors are closed. However, a recent article by Lowde (15) indicates that 
the intensity loss with velocity selectors can be offset by other advantages, 
and it is likely that more instruments of this type will be used in the future 
at research reactors with high neutron fluxes. 

Neutron detectors ——The detection of the thermal neutrons in neutron dif- 
fraction experiments is usually accomplished by a proportional counter filled 
with BF; gas in which the boron is enriched in boron 10. These counters are 
satisfactory from a performance point of view, and the main disadvantage 
is their size. In order to obtain a good counting efficiency at reasonable gas 
pressures, these proportional counters are usually made about 18 inches long. 
Since a large amount of shielding is required around the counter to reduce 
the neutron background, the complete detector is a large instrument and 
its motion is usually restricted to a single plane. 

A great reduction in the counter size can be obtained by using scintilla- 
tion materials such as Lil crystals activated with europium (16, 17). How- 
ever, the over-all size of the detector cannot be reduced by the same amount 
because the shielding must surround the photomultiplier tube as well as the 
crystal. 
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TECHNIQUES 


Although the intensities of thermal-neutron beams from nuclear reactors 
are lower than those obtained from good X-ray tubes, most of the X-ray 
diffraction methods can be used with neutrons. Furthermore, since the neu- 
tron absorption for many materials is small, diffraction effects can also be 
investigated by measuring the transmission of neutrons through a sample; 
and some of the early investigations (18 to 21) made use of this method. 
However, the majority of neutron diffraction investigations involving crys- 
talline materials have been accomplished by the Debye-Scherrer-Hull 
powder method of analysis and by the method of Bragg scattering from 
single crystals. 

The basic equipment which is necessary for these two techniques is 
similar and, with minor modifications, the same diffractometer can be used 
for both types of experiments. All diffractometers in existence are similar in 
principle to the one used in the early investigations by Wollan & Shull (22). 
The reactor neutrons are incident on a single crystal for monochromatization, 
and the monochromatic beam is collimated and passes over the diffractometer 
table where the scattering specimen is mounted. The neutron detector is 
rotated around the scattering specimen to determine the angular distribution 
of the scattered neutrons, and a second neutron detector monitors the pri- 
mary monochromatic beam to allow normalization of the data for changes 
in the power level of the reactor. In some diffractometers the positions of 
the collimating slits in the monochromator shield can be varied to alter the 
wavelengths of the neutron beams, but in those with fixed slit systems, the 
crystal planes used for monochromatization must be changed to provide 
neutrons of different wavelengths. 

Powder method—The majority of structural investigations which have 
been made by neutron diffraction have used the powder method of analysis. 
This method is generally used when exact absolute intensity measurements 
are desired, and it must be used when single crystals of a material are not 
available. The polycrystalline sample, in the form of a powder or filings, is 
placed in either a flat or cylindrical cell depending on the type of experiment 
and the amount of material available. The optimum sample size is governed 
by the total cross section of the sample; but in general, flat cells have cross- 
sectional dimensions of about 2 inches by 2 inches and a thickness of about 
3 inch, while the cylindrical cells are about 2 inches high with a 3-inch di- 
ameter. Cells are usually made from vanadium or aluminum, because the 
low cross sections of these elements for coherent scattering of neutrons make 
the scattering contribution from the cell small. Cells and windows can also 
be fabricated (23) from alloy systems in which elements with positive and 
negative scattering amplitudes are mixed in the proper proportions to give 
no coherent scattering. 

The powder diffraction pattern is analyzed in terms of the scattering 
amplitudes of atoms in the scattering specimen with the use of equations 
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that have been adapted from corresponding expressions applicable to X-ray 
diffraction [see e.g. (24) |. For a flat sample 
A3zhp’ eH sec 0 N2jnctF ete?” 


Pui = P. 45. 
- 4 4rrp sin? 20 





where Px: is the total power in an (hkl) reflection as measured through a 
counter slit opening of height 2 at a distance r from the sample, P» the beam 
power in the primary monochromatic beam, \ the neutron wavelength, p’ 
the measured density of the powder which would have a density p in the 
solid crystal, u the linear attenuation coefficient, # the thickness of the speci- 
men, 8 the Bragg angle of reflection, j,,; the number of planes which con- 
tribute to the scattering at this angle, NV the number of unit cells per cm® of 
crystal, Fj; the scattering amplitude per unit cell for the particular crystal 
structure, and e~?” the Debye-Waller temperature factor. Equation 10 gives 
Fix, and 


16, 








6h? / o(x) 1 \ sin? 6 
mkz® a + a 2 
where © is the Debye temperature of the crystal, g(x) is the Debye function 
with x =@/T, and the other terms have their usual meaning. For the case 
of a cylindrical sample, a similar expression is used, in which the geometrical 
terms in Equation 15 are modified. 

While the intensities of the reflections in X-ray analyses are usually deter- 
mined on a relative basis, it has been valuable to make absolute determina- 
tions in neutron diffraction. However, the direct measurement of the power 
P, in the monochromatic incident beam is a difficult problem. Hence, the 
value of Po and the other quantities in Equation 15 which are constant for 
a given arrangement are obtained by comparison with the diffracted in- 
tensities from a sample of known coherent scattering cross section. For a 
monoisotopic element with zero nuclear spin, the coherent scattering cross 
section and the total scattering cross section are identical, and the latter can 
be obtained from a transmission experiment. In practice, nickel powder is 
usually taken as the standard, because its scattering properties (25) have 
been well determined. 

Single-crystal method.—The single-crystal technique provides a much 
better resolution of the diffraction peaks, and this method is required for the 
study of complicated structures. However, the effects of extinction and crys- 
tal distortion make absolute intensity measurements somewhat more dif- 
ficult. The conditions for extinction were first treated for neutron radiation 
by Bacon & Lowde (26), and Hamilton (27) has recently considered extinc- 
tion effects in crystals which produce both nuclear and magnetic scattering. 
To prevent this effect from being a serious problem in single-crystal analyses, 
it is necessary that the crystals have dimensions of the order of one milli- 
meter. However, even though the crystal is quite small, the intensities in 
the Bragg reflections will usually be larger than those in powder patterns, 
because the whole volume of the crystal contributes to a reflection when it 
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is set in the proper orientation. The smaller size also has the advantage of 
reducing the diffuse scattering relative to the coherent scattering in the re- 
flections. Peterson & Levy (28) have pioneered in the single-crystal method, 
and they have shown that the data can be interpreted by application of the 
following equation which is adapted from a similar X-ray expression: 

TPB N2V Fix? A ere 2” 


fun — 17. 
= w sin 20 





In this equation, /),; is the integrated intensity in an (hkl) reflection, Jo the 
incident neutron intensity, w the angular velocity of rotation of the crystal, 
V the volume of the scattering specimen, Aj; the absorption correction; and 
the other terms were defined for Equation 15. For crystals of arbitrary shape, 
the determination of Aj,; can be difficult, but procedures (29) have been 
established for using an electronic computer in this calculation. 

Absolute determinations of the intensities of the reflections have been 
necessary in the single-crystal technique also, and the value of Jo is estab- 
lished by comparison with similar measurements on a standard single crystal. 
This standard crystal must be one which is known not to have any extinction 
effects, and it must be carefully calibrated against a powdered sample of a 
material with a known coherent scattering cross section. 

Photographic techniques —Although photographic techniques have played 
an important role in X-ray diffraction, these techniques have not yet been 
applied to neutron diffraction investigations. Wollan, Shull & Marney (30) 
showed that Laue photographs can be obtained with neutrons, and patterns 
were obtained for a number of substances such as NaCl, quartz, calcite, and 
LiF, but prolonged exposure times were required. This requirement tre- 
sulted from the low neutron intensity available and from the difficulty in 
photographing the scattered neutrons. Since photographic film is quite in- 
sensitive to neutrons, it is necessary to use a neutron-sensitive screen in con- 
junction with the film; and in these early experiments, 8 particles resulting 
from neutron capture in a thin sheet of indium produced the photographic 
effect. 

The larger neutron intensities available from new research reactors and 
the development of better sensitive screens make photographic techniques 
quite possible in future neutron diffraction experiments. Sun & Wollan (31) 
have shown that a screen containing ZnS(Ag) phosphor and boron plastic 
can be used with photographic film to give exposure times comparable with 
those obtained in X-ray diffraction, and new glass scintillators containing 
lithium 6 also show considerable promise (32, 33) for neutron photography. 


AUXILIARY EQUIPMENT 


The basic neutron diffractometer is, in principle, a rather simple instru- 
ment, and it can also be simple in construction. However, the applications 
of the technique to specific problems frequently require a large amount of 
auxiliary apparatus for controlling the conditions of the samples. In most 
solid state investigations, it is necessary to change the sample temperatures, 
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and low-temperature cryostats have been developed (34, 35) for experiments 
down to 1.25°K, while furnaces have maintained sample temperatures (36) 
up to 1250°K. Unlike the equipment in X-ray diffraction experiments, the 
design of this auxiliary equipment presents no particular problems, because 
vacuum jackets and radiation shields can be readily fabricated from materials 
with low neutron cross sections, such as aluminum. In the investigation of 
magnetic materials, it is frequently necessary to place the samples in an ex- 
ternal magnetic field, and electromagnets have been constructed for use with 
many diffractometers. 

Because of the particular sample conditions required, it may become de- 
sirable to make the auxiliary equipment an integral part of the diffractometer; 
and the low-temperature magnet unit at the Oak Ridge National Laboratory 
is a good example of such an instrument. A photograph of this diffractometer, 
which was designed specifically for the study of magnetic materials at low 
temperatures, is shown in Figure 1. Both single crystals and powdered speci- 
mens can be investigated, and the samples can be maintained at tempera- 
tures down to 1.3°K in magnetic fields up to 21.5 kilo-oersteds applied at 
variable angles with respect to the sample. 


NUCLEAR STUDIES 


Although the scattering of slow neutrons is generally considered a tool 
for the study of solid state phenomena, many investigations have been per- 





Fic. 1. Low-temperature magnet diffractometer at the 
Oak Ridge National Laboratory. 
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formed to obtain information necessary for the understanding of nuclear 
processes. Diffraction techniques have been employed primarily to measure 
numerous coherent scattering amplitudes under special conditions, and these 
determinations have provided details on potential scattering, resonance 
effects, and the neutron-proton interaction. 


NUCLEAR SCATTERING AMPLITUDES 


Coherent nuclear scattering properties for a large number of elements and 
isotopes were obtained in the early powder diffraction experiments of Shull & 
Wollan (37). Additional results have been obtained by various other workers 
in the field, and the present status of these measurements is given in Table I. 
This table shows that wide variations exist in scattering cross sections from 
isotope to isotope and that negative scattering amplitudes occur much less 
frequently than the positive amplitudes. The differences between the total 
scattering cross sections and coherent scattering cross sections indicate the 
presence of incoherent nuclear scattering processes. As mentioned previously 
neutron diffraction techniques measure relative values of the coherent scat- 
tering amplitudes which must be compared to a standard. Most of these 
values in Table I were obtained with nickel as the standard for comparison, 
and the scattering cross section of nickel was established relative to nickel 58 
and carbon. 

If the diffraction experiment is performed on a sample which contains 
only one nuclide, a direct determination of the coherent scattering amplitude 
can be made when the temperature correction factors are known. Data on 
elastic constants or Debye characteristic temperatures are usually available 
to permit determination of these correction terms, but they can also be ob- 
tained from the diffraction data for a series of reflections. As shown in Equa- 
tion 16, the Debye-Waller factor varies exponentially with sin*@/A? and 
becomes unity at a scattering angle of zero. Consequently, extrapolation of 
the data for several reflections to a zero scattering angle will give the magni- 
tude of the scattering amplitude directly. In an experiment with a single 
nuclide, no information is obtained on the sign of the scattering amplitude, 
since the intensity in the Bragg reflections depends on the square of the am- 
plitude. However, additional measurements made on chemical compounds 
can determine this sign. For compounds, the scattering amplitudes of the 
constituent nuclides are combined in various ways to give different values 
of Fix; for the various reflections, so that intensity measurements give the 
interference effects between the different nuclides. Thermal correction factors 
must also be applied in these analyses; and if the masses of the nuclides are 
not equal, different correction terms are necessary to account for the thermal 
motions. It should be emphasized that only relative phases of scattering are 
obtained in these measurements, and absolute phases must be determined 
directly by critical reflection of neutrons from mirrors. A positive scattering 
amplitude corresponds to a phase change of 180° on scattering, while a nega- 
tive amplitude means that the phase change is 0°. 
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TABLE I 


NEUTRON SCATTERING DATA FOR ELEMENTS AND ISOTOPES 








Element b Element b 
or . Fceoh Cs or L4 Feoh Cs 
isotope (10-2 cm) (barns) (barns) isotope (107-” cm) (barns) (barns) 
H —0.378 1.79 81.5 Rb 0.55 3.8 5.5 

D 0.65 5.4 7.6 Sr 0.57 4.1 10 
He 0.30 pau 1.1 Zr 0.70 6.2 6.3 
Li —0.18 0.4 we Nb 0.69 6.0 6.6 
Lié 0.16 0.3 Mo 0.67 5.6 6.1 
Li? —0.21 0.55 1.4 Ru 0.73 6.7 6.8 
Be 0.774 7.53 7.54 Rh 0.60 4.5 5.6 
B 4.4 Pd 0.60 4.5 4.8 
Cc 0.66 5.50 5.51 Ag 0.61 4.6 6.5 
CB 0.60 4.5 $5.5 Ag!07 0.83 8.7 10 
N 0.94 11.0 11.4 Agios 0.43 y ee 6 
O 0.58 4.2 4.24 *Cd 0.38+0.12% 2.0 

F 0.53 3.5 4.0 *Cd's —0,80+0.75i 15.1 

Ne 2.9 In 0.36 1.6 1.6 
Na 0.35 2.355 3.4 Sn 0.61 4.6 4.9 
Mg 0.54 3.6 te Sb 0.54 5.2 4.2 
Al 0.35 is 1.5 Te 0.56 4.0 4.5 
Si 0.40 2.0 2.4 Te!20 0.52 3.4 

Pp 0.53 3.2 3.6 Te! 0.57 a2 

S 0.31 ta iF: Tels 0.55 3.9 

Cl 0.98 12.1 15 Tels 0.56 4.0 

A 0.20 0.5 0.9 I 0.52 3.4 3.8 
K 0.35 1.5 , &, Cs 0.49 3.0 7 
Ca 0.49 3.0 3.2 Ba 0.53 3.5 6 
Cato 0.49 3.0 3.3 La 0.83 8.7 9.3 
Ca‘ 0.18 0.4 Ce 0.47 2.8 2.8 
Sc 1.18 7.3 24 Ceo 0.48 a.9 2.9 
Ti —0.34 1.45 4.0 Cel2 0.46 eRe a8 
Tit 0.48 2.9 Pr 0.44 2.4 4.0 
T is? 0.33 1.4 Nd 0.72 6.5 16 
Ti‘8 —0.58 4.2 Nd!2 0.77 re Toe 
Tis? 0.08 0.08 Nd 0.28 1.0 1.0 
Tis? 0.55 3.8 Nd" 0.87 9.5 9.5 
\ —0.050 0.032 5.1 Sm}? —0.5 3 

—- 0.35 1.6 4.1 Sms 0.8 8 

Cri2 0.49 3.0 Tb 0.75 : 

Mn —0.37 Pe 2.0 Ho 0.85 9.1 13 
Fe 0.96 11.4 11.8 Dy 1.69 35.9 

Fe5+ 0.42 Ee Pe Er 0.79 7.8 15 
Fesé 1.01 12.8 12.8 Tm 0.55 3.8 

Fes? 0.23 0.64 2 Yb 1.27 20.5 

Co 0.25 0.8 6 Lu 0.73 6.7 

Ni 1.025 13.2 18.0 Hf 0.88 9.7 

Nid8 1.44 25.9 Ta 0.70 6.1 6 
Ni60 0.30 oA Ww 0.47 2.7 3.7 
Nié2 —0.87 9.5 Re 0.92 10.6 

Cu 0.79 7.8 8.0 Os 1.08 14.7 14.9 
Cus 0.67 S.7 Ir 0.36 1.6 1.7 
Cu 1.11 15.5 Pt 0.95 11.2 12 
Zn 0.61 4.7 4.2 Au 0.76 7.8 

Ga eum Hg 1.3 22 

Ge 0.84 8.8 9.0 Tl 0.89 10.0 10.1 
As 0.73 6.7 8 Pb 0.96 s..5 11.4 
Se 0.89 10.0 Bi 0.864 9.35 9.37 
Br 0.67 5.7 6.1 Th 1.01 12.8 12.6 
Kr 0.76 7.2 re U 0.85 9.0 


* Values for \=1.075 A. 


An experimental observation of the imaginary component of the scatter- 
ing amplitude has recently been made by Peterson & Smith (38) in investi- 
gations on a cadmium sulfide at a series of neutron energies near the reso- 
nance of the cadmium-113 isotope. Since the phase of scattered radiation is 
not directly observable, the effect of the imaginary component can be made 
apparent only through intensity differences caused by interference. In the 
Bragg scattering of neutrons from a noncentrosymmetric crystal such as 
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a-CdS, the imaginary component from a resonant nucleus can be detected 
through interference with a real component which is in phase because it 
originated from nuclei at appropriately displaced sites. Such interference re- 
sults in a failure of Friedel’s law [see e.g. (39)] and Ini ¥Jixi. This effect is 
shown in Figure 2(a) where the diffraction patterns of the (002) and (002) 
reflections from a-CdS are plotted for a wavelength of 0.87 A. The ratio of 
Tooz/TIoog as a function of wavelength is given in Figure 2(b), and the strong 
energy-dependence of this ratio is the result of the variation of the complex 
scattering amplitude of cadmium. The smooth curve through the data is 
based on the Breit-Wigner formulation. 
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Fic. 2(a). Intensities of the (002) and (002) reflections from a-CdS at \=0.87 
A. (b). Wavelength dependence of the (002)/(002) intensity ratio from a-CdS in 
the cadmium resonance region. The smooth curve through the experimental points 
is based on the Breit-Wigner formulation. 


NEUTRON-PROTON INTERACTION 


One of the most important nuclear investigations that has used the 
scattering of slow neutrons is the determination of the neutron-proton scat- 
tering amplitudes for parallel and antiparallel spins, corresponding to the 
triplet and singlet states. Since this is a two-body problem it is amenable to 
theoretical analysis, and this measurement gives information on the nuclear- 
spin dependence of neutron-proton scattering and on the properties of the 
deuteron. Three types of investigations have been performed and the results 
are summarized in Table II. Calculations (40) based on the most accurate 
results give an effective range for the neutron-proton interaction in the singlet 
state that is in good agreement with the range for the proton-proton singlet 
interaction. 

The first studies followed a suggestion by Schwinger & Teller (41) and 
involved the transmission of neutrons through ortho- and para-hydrogen, 
which are the two forms of the hydrogen molecule in which the protons are 
parallel and antiparallel, respectively. When measurements are made on 
samples with different ortho- and para-concentrations, the results permit a 








318 WILKINSON, WOLLAN AND KOEHLER 


determination of the individual singlet and triplet scattering amplitudes. 
Since the measured cross section depends on the square of the average scat- 
tering amplitudes, there is a sign ambiguity in the result; but this can be 
eliminated because it is known that the triplet state corresponds to the 
bound state of the deuteron for which the amplitude is positive. There are 
many complications associated with these experiments and particularly with 
the determination of the exact concentration of ortho- and para-hydrogen. 
Consequently, the early experiments (42, 43) were not precise, but they did 
show very clearly the strong nuclear-spin dependence of the scattering. Re- 
cent measurements (44) made by this method have given much more ac- 
curate results. 


TABLE II 


RESULTS OF NEUTRON-PROTON SCATTERING AMPLITUDES 
OBTAINED BY VARIOUS METHODS* 











bz ar ag 
Method (10-12 cm) (10-12 cm) (10-12 cm) Ref. 
Ortho-para hydrogen —0.380+40.005 (44) 
NaH —0.41 +0.02 (37, 45) 


Liquid hydrocarbons —0.378+0.002 0.5377+0.0023 —2.369+0.006 (47) 





* A comparison is made of the bound scattering amplitude for hydrogen, and the 
corresponding free coherent scattering amplitudes for the triplet and singlet states 
are listed only for the most accurate value. 


Neutron diffraction investigations on NaH by Shull et al. (45) provided 
the second determination of the neutron-proton scattering amplitude. 
Powdered NaH was used and the coherent scattering amplitude of hydrogen 
was obtained relative to that of Na by measuring the intensities of the Bragg 
reflections. From the values of the coherent scattering amplitude and the 
free-proton scattering cross section (46), the individual singlet and triplet 
amplitudes were obtained. The first results did not include a careful cor- 
rection for the effects of thermal motion, and the value given in the table 
includes refinements (37) in these correction terms. The discrepancy with 
the other results is greater than would be expected on the basis of known 
experimental errors and is not understood. 

The most accurate determination of the nuclear coherent scattering am- 
plitude of hydrogen was made by Burgy, Ringo & Hughes (47), who used 
the total reflection of slow neutrons from liquid hydrocarbons. The compo- 
sition of the samples was so chosen that the total negative scattering 
amplitude of the hydrogen nuclei was slightly more than compensated by 
the positive scattering amplitude of the carbon nuclei. Therefore, the samples 
exhibited small net positive nuclear scattering amplitudes, and a neutron 
beam in air experienced external reflection at critical angles which could be 
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measured with reasonable accuracy. The coherent scattering amplitude of 
hydrogen was measured relative to that of carbon; and with corrections for 
the small carbon-13 content, the latter was accurately determined by trans- 
mission measurements. As in the neutron diffraction investigation of NaH, 
the value of the coherent scattering cross section for hydrogen was combined 
with the free-proton scattering cross section to obtain the singlet and triplet 
scattering amplitudes. 


CRYSTALLOGRAPHY AND CHEMICAL BONDING 
INTRODUCTION 


In the field of chemical crystallography, the technique of neutron dif- 
fraction naturally has been developed around the problems for which other 
types of diffraction techniques cannot give as much information. These prob- 
lems involve particularly those studies in which the uniform variation of 
coherent scattering amplitudes with atomic number, as observed in both 
X-ray and electron diffraction, is a serious disadvantage. Neutron diffraction 
is also frequently applied to problems in which the isotropic neutron scatter- 
ing furnishes significant information at large angles which could not be ob- 
tained with the other types of radiation because of the form-factor depend- 
ence of the scattering. 

Even when the scattering amplitudes of the elements within a compound 
are not favorable for an investigation, it is frequently possible to substitute 
an enriched isotope which has scattering characteristics that are markedly 
different from those of the element. This effect is illustrated in Figure 3 
where portions of the diffraction patterns (25) for samples of NiO enriched 
in Ni®*, Ni®, and Ni® are compared with normal NiO. Since the coherent 
neutron scattering amplitudes are quite different for the nickel isotopes, there 
is little similarity between the diffraction patterns. Of course, such an effect 
would not be observed in X-ray diffraction since the scattering involves an 
interaction with the atomic electrons. Isotopic substitution can also be used 
in neutron diffraction experiments to minimize incoherent scattering and 
neutron absorption. 


COMPOSITE CRYSTALS WITH HEAVY AND LIGHT ATOMS 


The most significant application of neutron diffraction in chemical crys- 
tallography is the structure determination of composite crystals which con- 
tain both heavy and light atoms. In X-ray and electron diffraction, the in- 
tensities observed in the diffraction peaks contain such a tremendous con- 
tribution from the heavy atoms that little or no information on the light 
atoms can be obtained. 

Hydrogen-containing substances—By far the most important compounds 
that fall into this general classification are the hydrogen-containing sub- 
stances, and over 50 of them have now been analyzed by neutron crystal- 
lographic techniques. These compounds have included a variety of different 
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Fic. 3. Portions of neutron diffraction powder patterns for 
isotopically enriched samples of NiO. 


types of substances, and recent reports by Levy & Peterson (48) and by 
Bacon (49) have summarized most of the results. 

The neutron diffraction investigation of the palladium-hydrogen system 
provides a good illustration of neutron scattering from hydrogen and deu- 
terium atoms in a crystal lattice, and typical diffraction patterns (50) are 
shown in Figure 4. The pattern from palladium powder is compared with 
similar patterns from the identical powder after it was loaded with hydrogen 
and deuterium gases to the indicated atomic compositions. The crystal 
structure is not changed with the addition of the gas, and there is merely 
an expansion of the lattice which displaces the reflections to slightly smaller 
angles. Therefore, the effect of hydrogen and deuterium scattering can be 
easily observed by comparing relative intensities of two reflections such as 
the (111) and (200) reflections in the three patterns. Not only do the relative 
intensities change with the addition of the gas atoms, but the changes in 
intensity for the deuteride are opposite to those for the hydride, which is 
the condition to be expected since deuterium and hydrogen have coherent 
nuclear scattering amplitudes with opposite signs. The intense diffuse scat- 
tering in the PdHo.70. pattern is a consequence of the nuclear spin-dependent 
incoherent scattering from hydrogen, and this diffuse scattering has an angu- 
lar variation since the hydrogen atoms in the lattice were not rigidly bound 
relative to the energy of the incident neutrons. The palladium-hydrogen sys- 
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tem has been of considerable interest for many years because of the unusual 
diffusion characteristics of the gas in the metal, and the neutron diffraction 
investigation showed that the gas atoms are actually located in the octa- 
hedral positions of the palladium lattice and do not exist in an extensive 
“rift network”’ as had been postulated (51). A more complete single-crystal 
neutron investigation (52) on electrolytically loaded palladium hydride has 
recently confirmed these results and given interesting information on the 
proton vibrations within the crystal lattice. Investigations (53) have also 
been made on hafnium and titanium hydrides, and these experiments have 
located the hydrogen positions in the different crystal phases that exist for 
various amounts of hydrogen taken up by the metals. An interesting tech- 
nique (54) is possible with the titanium compounds, since titanium 48 has 
a negative coherent scattering amplitude. It is possible to mix various iso- 
topes with titanium 48 and obtain a titanium metal which has an effective 
coherent scattering amplitude of zero. Diffraction patterns obtained when 
hydrogen is placed in such a ‘‘rfull-matrix”’ would give reflections which are 
representative of only the hydrogen atoms in the lattice. 

Although some investigations have been performed with polycrystalline 
samples, most of the studies on compounds containing hydrogen have been 
made with single crystals, because the single-crystal technique is necessary 
for detailed structural analysis. The first hydrogen-bonded compound to be 
studied by single-crystal methods was KHF, in which Peterson & Levy (55) 
showed that the F—H—F bond is symmetrical with no detectable departure 
from spherical symmetry in the vibration of the proton. This investigation 
was also the first attempt to determine Fourier projections of scattering 
density from neutron scattering data. These methods have now been ex- 
tended to investigations of more complex inorganic compounds such as cal- 
cium hypophosphite (56) and chromium potassium alum (57) and to studies 
of organic structures such as hexamethylene tetramine (58), alpha-resorcinol 
(59), and potassium hydrogen bis-phenylacetate (60). Furthermore, the 
techniques used in this work are sufficiently accurate to allow detailed struc- 
ture refinements. Complete least-squares analyses have yielded parameters 
with a high degree of precision, and procedures have been established for 
obtaining previously unavailable information on the thermal vibrations in 
crystals (61). 

One particularly interesting problem which has been investigated by 
neutron diffraction is the structure of ice, and there have been numerous 
reports in the literature on this compound. Although it had been shown in 
1922 by W. H. Bragg that the oxygen atoms are arranged in a loose-packed 
hexagonal network of interconnected oxygen tetrahedra, there was much 
speculation concerning the possible locations of the hydrogen atoms. The 
first neutron diffraction experiments on ice were made by Wollan, Davidson 
& Shull (62) on polycrystalline D,O. Although the intensities and resolution 
were limited, the results were in agreement with a model proposed by 
Pauling in which the hydrogen positions were of a resonating type. In this 
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Fic. 4. Neutron diffraction patterns of Pd, PdHo.70, and PdDo.6s. 
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structure, two hydrogen atoms would be associated with a particular oxygen 
atom, but each hydrogen atom would divide its time between two positions 
along the oxygen linkages. This “half-hydrogen’”’ model has now been con- 
firmed by the single-crystal neutron diffraction results of Peterson & Levy 
(63), and their Fourier projection of the neutron scattering density in D,O 
is shown in Figure 5. The deuterium scattering lies along a line joining two 
oxygen atoms, and, as indicated by the level of the scattering density, there 
are two semi-stable positions for the deuterium atoms along this linkage. 
Precise information was also obtained from this investigation concerning the 
orientation and magnitudes of the thermal distributions. These results are 
important in accounting for some of the physical properties of ice and sug- 
gest that the hydrogen-oxygen bonding must be of an exchange type rather 
than an electrostatic type. Several crystalline hydrates have also been ex- 
amined recently to determine the bonding properties of the water molecules. 
In NagCOs3- NaHCO;-2H,0, the water hydrogen atoms are involved in 
strong hydrogen bonds (64) comparable to those in ice, whereas in cuprous 
chloride dihydrate (65) and oxalic acid dihydrate (66), the hydrogen bonds 
are fairly weak and the water molecules have dimensions comparable to 
those in steam. Other hydrates that have been studied have shown bonding 
properties of the water molecules between these two apparent extremes. 

All of the investigations performed on hydrogen-containing compounds 
have made important contributions to our understanding of hydrogen bonds 
in crystals. Most of the analyses have been based on two-dimensional pro- 
jections of neutron scattering density, so that the choice of compounds has 
been influenced by the feasibility of obtaining significant information from 
such a projection. However, the most important considerations have in- 
volved the inherent interest in the materials and the ability to obtain single 
crystals for the investigations which required them. 

Ferroelectric compounds—In recent years there has been considerable 
interest in certain materials which exhibit spontaneous electric polarization 
and are consequently called ferroelectrics. This effect is caused by ionic dis- 
placements which occur below the ferroelectric Curie temperature and pro- 
duce an electric dipole moment per unit cell. Since the displacements are 
the same in all unit cells within a ferroelectric domain, the material has a 
macroscopic electric polarization. 

Many of these compounds have required neutron diffraction investi- 
gations to determine the ionic displacements which are responsible for the 
ferroelectric behavior. In KH2POx, for example, the use of neutron scattering 
has been necessary in establishing the role of the hydrogen atoms, and there 
have been extensive investigations (67, 68, 69) of this compound. The 
hydrogen atoms in this structure form connecting bonds between the oxygen 
ions of the PO, groups, and Figure 6 shows a two-dimensional projection ob- 
tained from single-crystal measurements by Bacon & Pease of the O—O 
linkage at temperatures above and below the ferroelectric Curie point of 
123°K. In the high-temperature results, the proton appears as an elongated 
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shape between the oxygen ions, and this distribution can be interpreted as 
a centrally-located proton with very anisotropic motion or, more probably, 
as a disordered distribution of the protons between two possible positions 
on each side of the mid-point in the O—O linkage. In the low-temperature 
ferroelectric state, the hydrogen atom has taken a preferred position near 
one of the oxygen ions. To obtain this low-temperature projection it was 
necessary to order the entire crystal as a single ferroelectric domain, and 
this was accomplished by applying an electric field of about 8000 v per cm 


0.50 J | QD 























Fic. 5. Fourier projection of the neutron scattering density in heavy ice showing two 
semistable positions for the deuterium atoms along the oxygen linkages. 


along the c axis. A reversed electric field caused the protons to move to the 
opposite side of the mid-point in the O—O linkage and changed the intensi- 
ties of many reflections. It is not clear how the proton distribution can pro- 
duce an electric dipole moment, and the electric polarization at low tempera- 
tures is believed to be associated with small displacements of the potassium 
and phosphorus atoms which also occur below the Curie point. 

Neutron diffraction investigations have also determined the structure 
changes that occur in BaTiOs and PbTiO; when these compounds become 
ferroelectric. Both compounds have the cubic perovskite-type structure at 
high temperatures, and a tetragonal distortion occurs below the ferroelectric 
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Curie point. The distortion in PbTiO; was large enough to allow the applica- 
tion of powder diffraction techniques (70) but in BaTiO; a single-crystal 
analysis (71) was required. In both compounds, there is a displacement of the 
positive ions relative to the negative oxygen ions to produce net electric 
dipole moments. 

Other compounds.—In addition to compounds involving hydrogen- 
bonding and ferroelectricity, neutron diffraction techniques have been used 
to investigate many other compounds with special chemical or magnetic 
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Fic. 6. Fourier projections of the neutron scattering density of a typical O-H-O 
linkage in KH2PO, above and below the ferroelectric Curie point. 


properties. Recent investigations of lead nitrate (72), barium nitrate (73), 
and potassium cobalticyanide (74) can be classified in the former group. The 
investigations of Pb(NOs3)2 and Ba(NOs)2 were undertaken to determine any 
significant rotation of the nitrate group about its symmetry axis, and none 
was observed. Neutron techniques were applied to KsCo(CN)6. to determine 
the relative positions of the carbon and nitrogen atoms within the cyanide 
complex, and it was found that the carbon atoms are adjacent to the cobalt 
ions. In the investigations of magnetic materials, the determination of specific 
parameters of the anions in certain compounds has been of great importance 
in accounting for the magnetic properties of the materials. These investiga- 
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tions include ferrites (75, 76) with the spinel structure and the sesquioxides 
of rare-earth elements (77). Neutron diffraction has also been applied re- 
cently (78) to nonstoichiometric FeO in an attempt to determine the role of 
cation vacancies in the magnetic behavior of this compound. 


ORDER-DISORDER PHENOMENA IN ALLOY SYSTEMS 


With appropriate heating procedures, many binary alloy systems form 
ordered solid solutions in which one atomic species becomes located prefer- 
entially with respect to the other. Diffraction patterns of these ordered 
structures show additional reflections, and their intensities depend on the 
degree of order and on the difference between the coherent scattering ampli- 
tudes of the two atoms. In alloys which contain atoms with almost the same 
atomic number, the regular variation of X-ray scattering amplitudes makes 
the determination of the degree of order difficult; and in many of these cases 
(79), neutron diffraction investigations can give the result easily. Order- 
disorder phenomena in alloys containing transition elements are particu- 
larly important in solid state investigations, since many physical and mag- 
netic properties of these materials are quite sensitive to the degree of order 
in the sample. Neutron diffraction work on binary alloys has included in- 
vestigations of the atomic magnetic moments in several transition metal 
alloys (80) and a recent study (81) of the dynamics of the ordering process 
in Ni;Mn. 


LiguIDs AND AMORPHOUS MATERIALS 


The investigation of liquid structures by diffraction techniques provides 
information on the local arrangement of atoms within the liquid, and it is 
frequently of interest to compare this arrangement with that in the crystal- 
line solid of the same composition. While many liquids have been studied by 
X-ray diffraction, neutron radiation provides definite advantages in these 
investigations. The relatively low neutron absorption allows the use of large 
samples, and the isotropic neutron scattering provides additional information 
at large scattering angles which is significant for the structure determination. 
Furthermore, the neutron analysis is somewhat easier since the intensity at 
large angles approaches a constant value instead of a rapidly decreasing 
form-factor curve which may not be accurately known. 

A neutron diffraction investigation was recently (82) performed on all 
the alkali metals in the liquid state, and Figure 7(a) shows diffraction pat- 
terns which were obtained just above the melting temperatures. For both 
lithium and sodium, there was a decrease in the scattered intensity at large 
angles, since the atoms were not tightly bound in the liquid; and the curves 
for these two liquids have been corrected for the free-atom recoil. No correc- 
tion of this type was necessary for the patterns obtained on the liquids with 
heavier atoms. The neutron data were analyzed by the usual method (83, 84), 
and Figure 7(b) shows the atomic distribution functions that were obtained 
from the Fourier inversions. The smooth curves represent the uniform 
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density distributions, and the actual scattering densities fluctuate with re- 
spect to these curves. All five distribution functions are similar in their 
general features; and, within experimental error, the areas of all of the first 
peaks correspond to about nine nearest neighbors. Since there are twelve 
nearest neighbors in a close-packed solid, these liquids can be described as 
loose structures; the peak widths in the distribution curves suggest that 
the nearest neighbors are not discrete or permanent. 

The liquid structures of a number of other elements have also been de- 
termined from neutron diffraction investigations. These include sulfur (85), 
lead (85, 86), bismuth (85, 86), mercury (87), helium (88), neon (89), argon 
(90, 91), and krypton (92). In the latter investigation, it was necessary to 
have a sample cell capable of withstanding pressures of the order of 100 
atmospheres. In order to meet this requirement with a cell that would not 
produce an intense or complex diffraction pattern, the cell (93) was fabri- 
cated from a single crystal of aluminum and oriented so that it gave negligi- 
ble scattering at the angles of interest. 


MAGNETIC INVESTIGATIONS 


The interaction of the magnetic moment of the neutron with the orbital 
and spin moments in magnetic atoms makes neutron scattering a unique tool 
for the study of magnetic phenomena at the atomic level. It is important 
for magnetic investigations not only that there is such an interaction but 
that the cross section is large and that the interaction depends on the orien- 
tation of the spin of the neutron relative to the scattering vector and to the 
atomic moments with which the neutron interacts. Neutron scattering is 
used as a tool to investigate a wide variety of magnetic phenomena. 


PARAMAGNETISM 


In the paramagnetic state of a solid, there are atoms which possess a 
permanent magnetic moment, and the orientation of these moments is effec- 
tively random. In most solids with a high density of magnetic atoms, mag- 
netic forces between the moments on nearby atoms lead to an ordered mo- 
ment arrangement at a sufficiently low temperature, but at higher tempera- 
tures these solids behave as paramagnets. Many facts about the paramag- 
netic state can be obtained from magnetic susceptibility measurements, but 
additional important information can be obtained from neutron diffraction 
investigations. As indicated in Equation 14, the magnetic scattering of neu- 
trons by paramagnetic atoms is incoherent, and the differential cross section 
of this scattering is proportional to u,*f? where yp is the effective moment per 
atom in the paramagnetic state [equal to 2+/ S(S+1) for a spin-only moment] 
and f is the form-factor of the magnetic electrons. This form-factor, which can 
be obtained from the angular dependence of the scattering, is frequently of 
considerable importance since it contains information on the spin and orbital 
contributions to the moment and can be analyzed to give the radial distri- 
bution of the magnetic electrons. 
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The scattering by a paramagnetic substance will consist of nuclear Bragg 
scattering and a number of contributions to the diffuse background scatter- 
ing. The latter may contain nuclear incoherent effects, thermal diffuse 
scattering, and multiple scattering in addition to the paramagnetic scattering. 
Although good corrections can usually be applied to account for thermal 
diffuse scattering, corrections for the other effects are not always reliable, and 
an accurate determination of the paramagnetic scattering can be made only 
when the extraneous effects are small. However, for paramagnetic systems 
which undergo magnetic ordering at lower temperatures, a second method 
of analysis can be used; this method utilizes the difference in diffuse scatter- 
ing at temperatures well above and well below the ordering transition. If 
experimental conditions do not permit a significant change in the “‘spin-flip”’ 
incoherent scattering between the two temperatures, the difference repre- 
sents that part of the paramagnetic scattering which becomes ordered at 
low temperatures. Consequently, it is proportional to w?f? where yu is the 
average atomic magnetic moment in the ordered magnetic lattice (equal to 
2S for a spin-only moment). This difference method has the advantage of 
eliminating any background effects and nuclear scattering effects which are 
independent of temperature. It is also useful in determining the value of the 
magnetic moment that exists in the ordered magnetic lattice at low tempera- 
tures, because a knowledge of the exact magnetic structure is not required. 

The first neutron diffraction investigations on paramagnetic materials 
were made by Shull, Strauser & Wollan (94) on a series of salts containing 
divalent manganese. These experiments confirmed the theory of paramag- 
netic scattering given by Halpern & Johnson (8) and provided a deter- 
mination of the Mn** form-factor. Fourier inversion of this form-factor was 
performed and the radial distribution of electron density in the 3d shell of 
Mn** was obtained. Although form-factor determinations from para- 
magnetic scattering do not reveal detailed anisotropic effects, they provide 
information at small scattering angles which cannot usually be obtained 
from coherent magnetic scattering. Investigations of this type have been 
performed on many iron group substances (95, 96), on rare-earth compounds 
(97, 98), and on molybdenum trifluoride (99) in the 4d-transition series. A 
recent paramagnetic scattering experiment on metallic cerium (100) was 
helpful in clarifying the anomalous behavior observed in specific-heat and 
magnetic-susceptibility measurements. These results showed that the inter- 
esting magnetic behavior could be correlated with the three crystallographic 
phases present in the samples and that there is a change in the electronic 
configuration of the cerium atoms when the collapsed face-centered cubic 
phase is formed. 

For substances which become magnetically ordered, there is a tempera- 
ture region near the ordering transition in which the angular dependence of 
the diffuse scattering is strongly influenced by magnetic short-range order. 
The angular variation which results from these short-range correlations has 
been calculated (101), and the experimental observations provide informa- 
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tion on the strength of the exchange interactions. The room temperature 
pattern of MnO in Figure 8, which shows an attenuation of the paramag- 
netic scattering at small angles and a broad maximum near the position where 
antiferromagnetic reflections develop, illustrates the effects of antiferro- 
magnetic short-range order. The diffraction pattern from a substance that 
possesses strong ferromagnetic short-range correlations has enhanced scatter- 
ing at small angles and broad maxima near the nuclear reflections. 


FERROMAGNETISM 


In a ferromagnetic substance, the atomic magnetic moments are spon- 
taneously aligned below a Curie temperature T¢ to give a net magnetiza- 
tion within crystal domains which are large compared to atomic dimensions. 
A simple ferromagnet such as iron contains atoms of the same type, and 
all atoms have the same moment value. Coherent magnetic neutron scatter- 
ing is observed from such a ferromagnet, and it occurs at the same angular 
positions as the nuclear reflections with an intensity corresponding to the 
value of Fyx:? given in Equation 11. Therefore, to analyze the magnetic 
scattering, it is necessary to separate the nuclear and magnetic contributions 
to the Bragg reflections. If the temperature range is convenient, perhaps the 
easiest method of separation is to determine the difference in diffraction pat- 
terns obtained at temperatures above and below T¢. However, appropriate 
corrections must be applied to account for any changes in the nuclear scatter- 
ing with temperature. It is also possible to obtain the magnetic scattering in 
the reflections by plotting the experimentally determined differential scatter- 
ing cross sections as a function of the scattering angle. The angularly de- 
pendent part represents the magnetic contribution, while the isotropic por- 
tion is due to nuclear scattering. However, the most flexible method for 
studying ferromagnets involves the use of an external magnetic field. If the 
crystalline anisotropy is sufficiently small, a moderate external field can 
align all atomic moments in the field direction; and as seen from the defini- 
tion of q (cf. p. 308), the magnetic scattering depends on the moment 
orientation relative to the scattering vector. The usual method involves a 
comparison of the total Bragg scattering in zero field to that with the field 
applied parallel to the scattering vector. If the moments are aligned in the 
field direction, there is no magnetic contribution since g is zero, and a dif- 
ference between the two results gives a direct measurement of the magnetic 
scattering in the unmagnetized condition. 

The magnetic moments of a simple ferromagnet can usually be obtained 
from saturation magnetization experiments. Consequently, after the original 
neutron diffraction investigations on ferromagnets by Shull, Wollan & 
Koehler (102), the primary importance of neutron experiments on these sub- 
stances has been the determination of accurate magnetic form-factors. Most 
of this work has been done with the use of polarized neutron beams and 
will be discussed in a later section. 

In addition to the simple ferromagnets, there are substances such as ferro- 
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Fic. 8. Neutron diffraction patterns from polycrystalline MnO at temperatures 
above and below the Néel temperature of 122°K. The atomic magnetic moments in 
the antiferromagnetic structure are directed along a magnetic axis within the (111) 
planes. 


magnetic alloys, in which the moments are in parallel alignment, but dif- 
ferent types of atoms have different moment values. Since magnetic measure- 
ments can give only the average moment of the alloy, the determination of 
the individual magnetic moments of the constituent atoms has been one of 
the important aspects of the neutron diffraction technique. The first studies 
of this type were made by Shull & Wilkinson (103) on a number of binary 
alloys which included both ordered and disordered arrangements of the 
atoms. In an ordered alloy such as Ni;Fe, the magnetic contribution to the 
reflections at nuclear positions depends on the sum of the moments of the 
constituents, and there are magnetic superlattice reflections in which the 
magnetic intensity depends on the difference between the moments. A solu- 
tion of the two expressions gives the individual moment values; but there is a 
sign ambiguity if unpolarized neutrons are used, and this results in two 
possible sets of solutions. In the disordered alloys, a similar situation exists 
except that the expression involving the difference in moment values of the 
constituent atoms is obtained from ferromagnetic disorder scattering rather 
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than from superlattice reflections. It is often possible to eliminate one set of 
solutions on the basis of other information, and the ambiguity can be re- 
moved experimentally by experiments with polarized neutrons. 


ANTIFERROMAGNETISM 


An antiferromagnetic substance is one in which the magnetic moments 
of the atoms become ordered spontaneously below a Néel temperature Ty, 
and the ordered arrangement produces no net moment within the magnetic 
unit cell. This type of magnetic state was proposed by Néel (104) on the 
basis of macroscopic magnetic properties, and it was possible to show 
directly by neutron diffraction that such a state does indeed exist. The first 
neutron investigations on an antiferromagnet were performed by Shull, 
Strauser & Wollan (94) on MnO, and diffraction patterns which were ob- 
tained above and below the Néel temperature of 122°K are shown in Figure 8. 
The room temperature pattern contains only nuclear reflections; and at 
80°K the additional reflections, occurring at angles that are different from 
the nuclear positions, are characteristic of the scattering from an antiferro- 
magnetic lattice. The ordered arrangement of moments shown in the figure 
was determined from these results, and later experiments (105, 106) showed 
that the moments were oriented in a direction parallel to the (111) planes. 

The investigation of antiferromagnetic substances is one of the most im- 
portant applications of the neutron diffraction technique, because detailed 
information on the size and orientation of the atomic moments in these 
systems cannot be obtained by other methods. Over 100 antiferromagnetic 
structures have now been investigated, and a compilation of some of their 
most important properties has recently been made by Corliss & Hastings 
(107). As it is impossible to discuss all of these structures here, only a brief 
survey of the characteristic types and their relationship to other properties 
of the systems will be given. 

One of the major objectives in undertaking these studies is to gain a 
better understanding of the fundamental nature of the magnetic coupling 
responsible for the development of magnetic structures. In the pure metals 
the magnetic coupling interactions must arise in some way by direct overlap 
of the wave functions of the metal atoms, but the magnetic cations in com- 
pounds may be coupled by interactions through the surrounding anions. The 
early work on MnO showed that the antiferromagnetic coupling between 
moments of the manganese atoms must be of an indirect type via the oxygen 
atoms. Furthermore, the similar compounds MnO, FeO, CoO, and NiO have 
been found (94, 105) to have the same magnetic structures, but the spin 
directions relative to the crystal are different. In these compounds the pre- 
dominant magnetic coupling occurs between next-nearest neighbors, and 
theoretical considerations show that this is a favorable direction for coupling 
through the p orbitals of the intermediate oxygen atoms. The basis of the 
theory for such indirect interactions, which have been referred to as super- 
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exchange, was first developed by Kramers (108) and has been extended by 
Anderson (109) and others (110, 111). Since MnS exists in three simple poly- 
morphic forms, it provides a convenient system for studying the role of the 
nonmagnetic ion in magnetic coupling. Corliss, Elliott & Hastings (106) have 
determined the magnetic structures of these three substances, and the first- 
neighbor relations of the ordering are shown in Figures 9(g), 9(h), and 9(i). 
All three magnetic structures can be interpreted in terms of an indirect 
magnetic coupling of the manganese magnetic moments through the neigh- 
boring sulfur ions. 

Probably the simplest compounds for a consideration of indirect mag- 
netic interactions are the trifluorides and the perovskites of transition group 
elements. In these compounds the metal ions occupy the corners of a cube 
(which may be distorted), and they are separated by anions which lie along 
the cube edges. In the perovskites there is also an ion located at the center 
of the cube; but if this ion is not magnetic, it merely establishes the valence 
state of the magnetic cation and is not directly involved in the magnetic 
properties of the system. Consequently, only indirect nearest-neighbor 
magnetic interactions through the intervening anions are important in these 
compounds, and these interactions cause two simple types of magnetic 
structures, which have been designated the G type and A type (112) and are 
shown in Figures 9(a) and 9(b). The G-type structure has been observed 
(99, 112 to 115) for the 3d compounds LaCrQ;, LaFeO;, CaMnOs, CrFs, 
FeF;, CoF;, KMnF3;, KFeF3, KCoF3, and KNiF; and for the 4d compound 
MoF;. In these structures the coupling of the metal-ion moments is anti- 
ferromagnetic to all six of the nearest neighbors. The A-type structure has 
been determined (112, 114, 115) for LaMnO;, MnF3, and KCrF; and involves 
ferromagnetic coupling to four nearest neighbors and antiferromagnetic 
coupling to the other two. The first satisfactory explanation of the magnetic 
coupling in systems of this type was made by Goodenough (116) on the basis 
of a hybrid-orbital approach similar to that which had been applied (117) 
to spinel-type crystals. It was later shown (114, 118) that a better interpre- 
tation could be obtained by considering the properties of the orbitals which 
result from the splitting of the d levels by the crystalline field. The magnetic 
coupling in all of these compounds can be explained on the basis of the 
spatial properties, the type of energy splitting, and the electron occupation 
of these orbitals. 

Except for these simple magnetic structures, the nature of the magnetic 
coupling in compounds is difficult to determine even on a phenomenological 
basis. However, neutron diffraction experiments have provided specific 
coupling information on many different types of magnetic compounds. One 
particularly interesting class of compounds that was investigated recently 
(119) includes the anhydrous dibromides and dichlorides of iron and cobalt. 
These compounds, which are hexagonal layer-type structures consisting of 
layers of metal atoms separated by two layers of halide atoms, were given the 








334 WILKINSON, WOLLAN AND KOEHLER 















































B —@-—e--e- -e ~~ Oo -O- -0-+0—-<-0— 





SRR REERERe. 
mig fete tte te te 


Fic. 9. Various antiferromagnetic systems studied by neutron diffraction. In 
structures (a) through (j) there is a single magnetic axis with the atomic moments at 
the open circles antiparallel to those at the solid circles. Figures (A) through (D) 
indicate various types of antiferromagnetism with a long-range modulation of the 
moment distribution. 




















designation ‘‘metamagnetics,’”’ since their unusual magnetic properties sug- 
gested both ferromagnetic and antiferromagnetic behavior. The neutron 
diffraction studies showed that the compounds are antiferromagnetic at low 
temperatures with the magnetic moments within a metal layer arranged in 
ferromagnetic sheets and adjacent sheets arrayed in antiparallel alignment. 
The ferromagnetic coupling between moments within a layer is much 
stronger than the antiferromagnetic coupling between atoms in adjacent 
layers, and the unusual magnetic behavior arises from the ease with which 
the antiferromagnetic forces can be overcome by an external magnetic field 
to place all the moments in parallel alignment. Neutron diffraction studies 
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(35, 120) of the similar compounds containing manganese have shown that 
these compounds are not metamagnetic and have more complicated anti- 
ferromagnetic structures. 

The results of neutron diffraction investigations have also been prominent 
in determining the antiferromagnetic properties of some of the transition 
metals and their alloys. In fact, the first direct evidence for magnetic order 
in the nonferromagnetic iron group metals was obtained by the neutron dif- 
fraction experiments of Shull & Wilkinson (121) which showed chromium and 
a-manganese to be antiferromagnetic at low temperatures. Superlattice re- 
flections from polycrystalline chromium were observed and were consistent 
with the simple body-centered antiferromagnetic structure shown in Figure 
9(d) with a magnetic moment per atom about 0.4 ug. However, as discussed 
later, recent single-crystal investigations have shown that there is a long- 
range modulation superimposed on this simple structure. The antiferro- 
magnetic structure of a-Mn has been found (122) to be intricate, and this is 
probably the result of its unusual crystal structure. More recently, several 
investigations have been performed on alloy systems which contain the iron 
group metals in simple crystal structures. Results obtained by Meneghetti & 
Sidhu (123) and by Bacon et al. (124) on MnCu alloys with a small amount 
of Cu have indicated that face-centered manganese has the antiferromagnetic 
structure shown in Figure 9(f). Alloys of manganese with nickel (125) and 
with chromium (126) have also been studied, and the magnetic structures 
and moment values have been determined. In spite of the large number and 
variety of experiments performed on the 3d metals, their magnetic properties 
are not well understood from a theoretical point of view. New approaches 
to this problem have recently been developed by Wollan (118) and by Good- 
enough (127), which appear to lead to a clearer understanding of many of 
the distinct features of the metals and their alloys. 

In most antiferromagnetic substances the magnetic moments are found 
in truly antiparallel arrays, but more complicated systems have been en- 
countered recently. In the antiferromagnetic structures of CrSe (128) and 
some rare-earth orthoferrites (129), the magnetic moments are canted with 
respect to each other, and several systems have been found in which there is 
a long-range modulation of the moment distribution. The single-crystal in- 
vestigations of Corliss, Hastings & Weiss (130) on metallic chromium pro- 
vided the first direct evidence for a long-range periodicity and showed that 
the antiferromagnetic reflections observed in the early work actually consisted 
of small groups of reflections. They have tentatively identified this structure 
as an antiphase domain type similar to that shown in Figure 9(D). In this 
model the simple antiparallel arrangement would be predominant , but there 
would be ‘‘mistakes”’ occurring at regular distances where adjacent moments 
would be parallel. The single-crystal investigations of chromium also showed 
a spin-flip transition at low temperatures and a Néel temperature of 308°K 
compared to the value of 475°K observed in the experiments on powders. 
Additional investigations (131 to 134) have been performed in an attempt 
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to understand these effects and to establish definitely the details associated 
with this type of structure. Other types of long-range modulations observed 
in magnetic structures include helical and related arrangements of the atomic 
magnetic moments. Yoshimori (135) was first to determine that a helical 
system is stable for certain exchange interactions, and he showed that un- 
explained data (136) on MnO, could be accounted for on this basis. Similar 
theoretical arguments for helical structures were developed independently 
by Villain (137) at about the same time as an explanation of neutron dif- 
fraction results (138) on the MnAupz system and by Kaplan (139) asa possible 
explanation of Cr. More recently, single-crystal investigations by the Oak 
Ridge group have shown that the unusual magnetic behavior exhibited by 
the heavy rare-earth metals is caused by magnetic ordering processes of this 
type. All of these metals have the simple hexagonal close-packed crystal 
structure, and most of them order antiferromagnetically first and then be- 
come ferromagnetic at lower temperatures. Dysprosium (140) has an anti- 
ferromagnetic transition at 179°K to nearly the pure helical structure indi- 
cated in Figure 9(A), and then it becomes ferromagnetic at 85°K. Holmium 
(141) also has primarily the helical structure below 131°K, but there appear 
to be small perturbations superimposed on the true helix. Furthermore, 
only the component of the moment parallel to the c axis becomes ferro- 
magnetic spontaneously at 20°K. Erbium (142) originally orders antiferro- 
magnetically at 80°K with moments along the ¢ axis only, and the ampli- 
tudes of these moments are modulated sinusoidally as shown in Figure 9(B). 
At about 52°K, the moment components perpendicular to the c axis order 
in a helical arrangement, and the components parallel to the c axis tend to 
develop the square-wave properties (except for moment orientation) shown 
in Figure 9(C). In the ferromagnetic region below 20°K, the c axis components 
go into parallel alignment, and the structure is similar to that of ferro- 
magnetic holmium. 

The neutron diffraction patterns obtained from these systems with a long- 
range modulation of the moment distribution are similar, and the observed 
reflections can be considered satellites of the nuclear reflections. These re- 
flections correspond to the satellites observed in a grating when a periodic 
error is imposed on the normal line spacings. The positions of the nuclear re- 
flections represent the atomic spacings in the crystal, and the super- 
posed long-range modulation of magnetic scattering power causes coherent 
reflections on both sides of the nuclear reflections. The spacings of the satel- 
lites are a direct measurement of the wavelength of the modulation, and the 
intensities are related to the moment distribution. 


FERRIMAGNETISM 


The term “ferrimagnetism” has been applied to magnetic substances in 
which the atomic moments are oriented with antiparallel components but 
still possess a net ferromagnetic moment. This type of structure was first 
suggested by Guillaud (143) to explain his magnetic measurements on 
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Mn.Sb, and the development of the basic concepts of ferrimagnetism has been 
evolved principally by Néel (144). Since these substances have both ferro- 
magnetic and antiferromagnetic components, their neutron diffraction pat- 
terns have the characteristics of both types and show magnetic reflections 
at the nuclear and other positions. 

Most experiments involving ferrimagnetic materials have been made on 
a class of compounds with the general formula X+? Y,*+8O, which crystallize 
in the spinel structure. This structure is essentially cubic and contains A sites 
in which the metal ions are tetrahedrally coordinated to four oxygen neighbors 
and B sites in which there is octahedral coordination to six oxygen neighbors. 
In the normal form, the divalent metal ions occupy the A sites and the 
trivalent ions the B sites, while in the inverted form the A sites are filled with 
trivalent ions and the B sites are equally divided between divalent and 
trivalent ions. Magnetite, which is a basic example of these structures, was 
one of the early compounds investigated by means of neutron diffraction 
(102), and the results of this investigation confirmed the magnetic structure 
proposed by Néel on the basis of magnetic measurements. It was found to 
be inverted and hence has the form (Fe**),4(Fet?Fet*),0,. The moments in 
the A and B sites were found to be antiparallel so that the net magnetic 
moment is due only to the Fe*? ions. Extensive neutron diffraction studies 
have been made by Hastings & Corliss (76, 145) and their colleagues (146, 
147) on compounds of this type, including Ni, Mn, Mg, and Zn ferrites. The 
nickel-iron chromite and manganese-iron chromite systems (148) have also 
been studied recently with neutron diffraction. All of these experiments, to- 
gether with conventional magnetic measurements on these compounds, have 
furnished fundamental information on the degree of crystallographic in- 
version and on the corresponding magnetic coupling in such systems. 

Most of the spinels studied have the magnetic coupling properties pro- 
posed by Néel. He predicted large antiferromagnetic (A-B) interactions and 
small antiferromagnetic (A-A) and (B-B) interactions which would result in 
a magnetic structure with moments on the A and B sites antiparallel. Yafet 
& Kittel (149) have shown that when the three interactions are comparable 
a triangular arrangement of the moments may be produced. Neutron dif- 
fraction experiments by Prince (150) have shown that such a triangular net- 
work of moments exists in copper chromite, giving the first experimental 
verification that ordered magnetic structures are not restricted to a single 
axis of magnetization. A similar structure has recently been suggested for 
Mn;O, on the basis of both magnetic measurements (151) and neutron dif- 
fraction investigations (152). However, although the concept of canted spins 
in this compound appears to be correct, there are discrepancies (153) with 
respect to the Yafet-Kittel model. 

The rare-earth garnets belong to another class of ferrimagnetic com- 
pounds that possess interesting and unusual magnetic properties. In most of 
these garnets the spontaneous magnetization is large at low temperatures, 
decreases rapidly as the temperature is raised, vanishes at a compensation 
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temperature, reappears at higher temperatures, and finally vanishes at a 
Curie point of approximately 560°K. This behavior is associated with the 
development of magnetic order in the iron sublattices at the Curie tempera- 
ture and with the ordering of the moments of the rare-earth ions at a lower 
temperature. Extensive measurements have been made on the crystal chem- 
istry (154) and magnetic properties (155) of many of these compounds, and 
the low-temperature magnetic structure of holmium garnet (5Fe,03- 3Ho20s) 
has recently been determined from neutron diffraction investigations on poly- 
crystalline samples by Herpin, Koehler & Mériel (156). 


MAGNETIC TRANSITIONS 


The neutron diffraction technique has made it possible to study the de- 
tails of magnetic transitions in all types of magnetic structures merely by 
measuring the temperature variation of the magnetic reflections. This is of 
particular importance in antiferromagnetic systems, for which the usual mag- 
netic measurements provide no information, and in ferrimagnetic systems, 
in which the different types of moments can be observed separately. 

In most magnetic substances the magnetic ordering is a second-order 
transition and the magnetic intensities follow a Brillouin-type dependence 
(95). However, in a few cases, notably for MnBrz and Mnlk, a sharp first- 
order type of magnetic transition between the paramagnetic and the anti- 
ferromagnetic states has been observed (35, 157). The temperature depend- 
ence associated with magnetic ordering in these compounds is much like that 
found for positional ordering of the atoms in an A3B type of binary alloy. 

Magnetic transitions can also involve a change from one state of magnetic 
order to another, and various types of order-order transitions have been 
studied with neutron diffraction techniques. These studies include changes 
in the moment orientation of an ordered magnetic structure (94, 158, 159), 
changes from one type of antiferromagnetic order to another (120), and 
transitions between antiferromagnetism and ferromagnetism or ferrimag- 
netism (140, 141, 142, 160). 


MAGNETIC FIELD EFFECTS 


A variety of changes can be produced in the neutron diffraction patterns 
from magnetic crystals by application of magnetic fields sufficiently strong 
to change the orientation of the atomic moments and the corresponding 
value of g in Equation 9. Without regard to the actual magnitude of the 
magnetic field itself, field effects can be classified as weak or strong relative 
to the magnetic-exchange coupling in the crystal. There are the usual weak 
field effects which are involved with the orientation of the domain structure 
in a ferromagnetic or ferrimagnetic substance; and these domain effects, 
which have also been observed in certain antiferromagnetic compounds, are 
related to the anisotropy resulting from the crystal field or to anisotropic- 
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exchange effects. The strong field effects provide additional information on 
the nature and strength of the magnetic interactions that exist in the mag- 
netic structures. 

In ferromagnetic materials, as discussed in a previous section, an external 
magnetic field is useful in separating the magnetic coherent scattering from 
the nuclear scattering. It is also possible to obtain information on the domain 
size in a ferromagnetic material from neutron scattering effects. Small-angle 
magnetic scattering is produced by a distribution of small magnetic domains 
with different magnetic axes, and this scattering can be made to disappear 
by aligning the domains in an external magnetic field. However, extremely 
good resolution must be employed by experiments of this type because, as 
shown in investigations on iron (161), small-angle scattering from ferro- 
magnetic domains of normal size is found at angles of only a few minutes. 

The neutron diffraction technique has been very valuable in studying the 
domain properties of antiferromagnetic crystals, and two distinct types of 
domains have been observed. One type is the counterpart of the usual ferro- 
magnetic domain in which only the moment direction changes at a domain 
boundary, and a single domain can be formed merely by orienting the mo- 
ments along a common axis. In more complicated antiferromagnetic systems 
such as manganese bromide and chloride, the magnetic structure is formed 
(35, 120) at random along equivalent crystal directions, but there is a struc- 
tural orientation associated with the specific direction. Such domains, which 
have been referred to as structural domains, must be separated by small 
regions of disorder; and they can be brought into coincidence throughout the 
crystal only by a breakdown of the structure and a subsequent formation 
along some chosen domain direction. Both types of domains can be trans- 
formed into a single domain by relatively weak magnetic fields, and in some 
cases the single-domain structures are almost completely preserved when 
the field is removed. In complex magnetic systems, the development of single 
domains has been found almost essential in determining specific details of 
the magnetic structures. 

Although most of the applications of external magnetic fields in neutron 
diffraction involve domain transformations, interesting information on the 
magnetic interactions is also obtained when exchange forces can be overcome. 
In metamagnetic cobalt chloride and iron chloride, which have weak anti- 
ferromagnetic forces between metal layers, moderate magnetic fields applied 
in the proper direction were able to bring all moments into parallel alignment, 
and the details of these processes were determined from diffraction experi- 
ments (119). The rare-earth metals also have a metamagnetic type of be- 
havior in which strong ferromagnetic interactions and weak antiferro- 
magnetic interactions produce the helical structures in the antiferromagnetic 
states (140, 141, 142). Consequently, the antiferromagnetic to ferromagnetic 
transitions in these metals can be strongly influenced by a magnetic field, and 
the corresponding magnetic structure changes have been observed. 
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NEUTRON POLARIZATION 


Although most neutron diffraction experiments are performed with un- 
polarized neutrons, polarized neutron beams are required for certain types of 
investigations. Enhanced sensitivity is obtained with polarized neutrons in 
the determination of magnetic scattering from ferromagnetic and ferri- 
magnetic substances, and this technique also provides an accurate method 
for separating the magnetic and nuclear contributions. Consequently, small 
magnetic cross sections, which are encountered for small moment values or 
at large scattering angles where the magnetic form-factor is small, can be 
measured accurately in these substances with the polarized beam technique 
only. 

Highly polarized beams of neutrons can be obtained by total reflection 
from magnetized mirrors (162) and by Bragg reflection from magneticcrystals. 
The latter method is most frequently used in diffraction work because in- 
tense beams of polarized neutrons can be obtained by this method in the 
monochromating process. As indicated in Equation 11, the polarization of 
a neutron beam has its source in the interference effects between the nuclear 
and magnetic scattering. If the magnetic moments within a crystal are aligned 
by a magnetic field in a direction perpendicular to the scattering vector, a 
beam of unpolarized neutrons diffracted by this crystal will be resolved into 
two components which have spin vectors parallel and antiparallel to the 
moment direction. Under these conditions | g| becomes unity and (g-2) = +1, 
so that the values of F,,x:? for the two spin states will be: 


Fraucy)? = (0 + 2) ani? Raw? 


and 
Frew)? = (6 — p) net®Rrei? 18. 


where the (+) and (—) refer to the scattering processes in which the neutron 
spins and atomic moments are either parallel or antiparallel to each other. 
If the magnetic amplitude p and the nuclear amplitude 5} are equal for a 
reflection from a crystal, it is evident that the scattering will be zero for one 
spin state and that the diffracted beam will be completely polarized. This 
condition is nearly satisfied for the (220) reflection from magnetite, and this 
crystal was used to produce the first highly polarized neutron beams obtained 
(102) by Bragg reflection. Nathans, Shull, and their collaborators (163, 164) 
have developed the use of polarized beams in recent years and have shown 
that single crystals of a CoFe alloy containing 92 atomic per cent cobalt 
have a great polarizing efficiency in the (111) reflection. Since the neutron 
reflectivity for this reflection is greater than that for the (220) magnetite 
reflection and since there is also less second-order contamination in the re- 
flected beam, CoFe crystals are used as monochromating crystals in most 
polarized-beam diffractometers. 

These diffractometers are modified double-crystal units in which the 
second crystal is either a polarization analyzer (usually also a CoFe crystal) 
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or a specimen crystal and there is some method of flipping the neutron spins 
in the incident monochromatic beam from one polarization state to the 
other. If a ferromagnetic or ferrimagnetic scattering specimen is magnetized 
with the moments perpendicular to the scattering vector, the magnetic 
scattering amplitude in an (hkl) reflection can be determined from measure- 
ments of the scattered intensities for the (+) and (—) polarization states. 
As the two expressions in Equation 18 show, the ratio of these intensities 
provides a value of pnrxi/bnxt, so that the magnetic scattering amplitude is 
determined in terms of the nuclear scattering amplitude when appropriate 
corrections have been made for extinction and depolarization. The sensitivity 
of this method results from a comparison of p with b instead of p? with b?, and 
the procedure normalizes the results in terms of a quantity which can be 
accurately measured. This technique has been used in structure determina- 
tions (165) and in measurements of accurate magnetic form-factors. 


MAGNETIC ForM-FACTORS 


The spatial distribution of unpaired electrons in magnetic atoms gives rise 
to a form-factor dependence of magnetic neutron scattering, and conse- 
quently the magnetic cross section decreases with scattering angle. Deter- 
minations of magnetic form-factors can be made from neutron diffraction 
measurements of magnetic intensities in the coherent reflections and from 
measurements of the paramagnetic scattering. Such measurements, when 
accurately made over a large range of sin @/A, give valuable information 
about the wave-function properties of the magnetic electrons in crystalline 
solids. Furthermore, this information is specifically related to the unpaired 
electrons in the particular shell responsible for the magnetic properties of 
the atoms involved. For example, Fe** and Mn** ions have five unpaired 3d 
electrons, and the form-factor measurements on crystalline compounds pro- 
vide a direct determination of the spatial distribution of these electrons in 
their surroundings. 

The form-factor for the Mn** ion has been determined from the angular 
dependence of antiferromagnetic reflections from several chemical compounds 
(166), and the results are shown in Figure 10(a). Similar data for the 4d elec- 
trons in a Mo** ion, as determined by analyses (99) of the paramagnetic 
scattering and the antiferromagnetic reflections from MoFs, are shown by 
the lower curve in this figure. The best form-factor results for ferromagnetic 
and ferrimagnetic substances have been obtained by the polarized-neutron 
technique, described in the previous section. This technique has been used by 
Nathans, Shull, and others (164, 167) for investigations of the 3d metals 
iron, cobalt, and nickel, and the results for iron and nickel are shown by the 
upper two curves in Figure 10(a). Comparison of the general shape of these 
curves has shown that the variation from element to element is consistent 
with the differences in their respective nuclear charges. Furthermore, the 
accurate results at large scattering angles have demonstrated asymmetries 
that exist in the unpaired-electron densities. 
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In the 3d metals and their compounds, the atomic moments are usually 
associated almost wholly with the electron spins, the effects of the orbital 
currents being in most cases completely quenched. Since the moment associ- 
ated with the spin resides on the electrons themselves, the form-factor de- 
pendence of the magnetic scattering in such cases will be directly associated 
with the spatial distribution of these electrons. 

The rare-earth elements, which possess unpaired electrons in the 4f shell, 
have a strong Russell-Saunders coupling between the electron spins and their 
orbital angular momenta; and the orbital currents are not quenched. The an- 
gular dependence of the neutron scattering for the rare-earth metals and their 
compounds is thus not a direct measurement of the distribution of the mag- 
netic electrons; it depends also on the magnetic-moment distribution arising 
from the orbital currents. In a classical picture, the orbital currents can be 
considered as magnetically equivalent to a sheet of magnetic moments 
bounded by the current loops. These moments are thus more centrally dis- 
tributed within the atom than the moments associated with the moving 
electrons which produce them, and the corresponding form-factors must 
decrease less rapidly with scattering angle than those associated with the 
electron spins. 

A simple illustration of the effects of the orbital contributions was ob- 
tained by a neutron study of the Nd** and Er** ions in the oxides (97). 
These rare-earth ions have the same values of L and S with Jya equal to 
L—S and Jgr equal to L+S. It was shown that the orbital and spin parts 
of the scattering amplitudes for these similar ions can be qualitatively repre- 
sented as the sum and difference of the measured amplitudes for each ion. 
The relative total magnetic scattering amplitudes for Nd** and Er** are 
shown as the solid curves in Figure 10(b), and the approximate orbital and 
spin contributions to the magnetic scattering for both ions are shown by the 
dashed curves. The complicated unraveling of the spin and orbital effects 
was placed on more fundamental grounds by Trammell (9), and recent 
studies by Odiot & Saint-James (11) have extended these calculations. 


INELASTIC SCATTERING 


In addition to investigations using the elastic scattering of thermal neu- 
trons, important solid state information can also be obtained from inelastic 
scattering experiments. These experiments fall into the broad scope of neutron 
diffraction, but they are basically different from those usually associated 
with this technique. Therefore, the purpose of this section is merely to men- 
tion the types of inelastic neutron scattering investigations without indicat- 
ing their over-all importance. 

The diffraction effects caused by inelastic neutron scattering are more 
pronounced than those observed in X-ray scattering because of the different 
momentum-energy ratios. Moreover, with thermal neutrons the energy 
changes can be caused either by an interaction with the lattice vibrations 
or by a magnetic interaction with the atomic moments. The first theoretical 
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treatment, by Weinstock (168), of the inelastic effects associated with neutron 
scattering by crystals was similar to that for the corresponding X-ray 
effects (169), in which temperature motions in the lattice were considered in 
terms of the amplitudes of a set of plane-polarized standing waves. The energy 
transfers between the neutron and crystal were represented by quantized 
frequency changes, and the term ‘‘phonon” was used to describe the energy 
quantum involved. Both absorption and emission of phonons are possible 
depending on the energy conditions, and although one-phonon processes are 
more probable, multiple-phonon processes (170, 171) frequently must be 
considered. Several theoretical investigations (172 to 179) have added to the 
original theory for the interaction of thermal neutrons with lattice vibrations, 
and the inelastic processes which result from magnetic interactions have also 
been considered (180 to 184). In the latter case, the term ‘‘magnon”’ is often 
used to represent the energy quantum associated with changes in the magnetic 
order of a system, and scattering processes can cause both magnon emission 
and magnon absorption in direct similarity to the phonon picture. 

The first experiments involving inelastic scattering were transmission 
experiments (185, 186) using neutrons with wavelengths above the cutoff 
for Bragg scattering and were performed primarily to test certain aspects of 
the theory. In recent years two other methods have been used in investigations 
of this type. The most direct method (187) is one in which the energy spec- 
trum of the scattered neutrons is measured with an additional crystal spec- 
trometer or a neutron velocity selector. Brockhouse & Stewart have used 
this technique in investigations of aluminum (188) and vanadium (189), 
and they have shown that the results can be interpreted directly in terms of 
the dispersion relations of the normal modes of the crystal without the large 
corrections necessary in similar X-ray investigations. The magnetic inelastic 
scattering from magnetite has also been studied by this method (190), and 
results of this investigation are consistent with the magnetic spin-wave 
theory within the limits of analysis. The major disadvantage of this type of 
experiment is the requirement of intense neutron beams which can be ob- 
tained only at high-flux reactors, and the second method used in these inves- 
tigations does not have this restriction. This method, originally discussed 
by Moorhouse (180), requires single-crystal samples and involves the meas- 
urement of the widths of inelastic scattering peaks as the crystal is rotated 
away from the position for Bragg reflection. The experimental details of this 
technique were developed by Lowde (191), and he has obtained important 
information concerning the magnetic properties of iron (192) from experi- 
ments of this type. Riste, Blinowski & Janik (193) have recently applied 
the same method to investigations of magnetite, and these observations in- 
dicate that magnetic inelastic neutron scattering from this substance is well 
described by spin-wave theory over a wide temperature range. 
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NUCLEAR EFFECTS OF COSMIC RAYS 
IN METEORITES! 


By JAMEs R. ARNOLD 


School of Science and Engineering, University of California, San Diego 
La Jolla, California 


INTRODUCTION 


Meteorites are fragments of rock and metal which reach the earth’s sur- 
face from outer space. They carry within them, among other treasures, a 
record of the bombardment by cosmic rays which they have undergone. 
This record is in the form of radioactive and stable nuclei produced by trans- 
mutation. Because of the chemical and physical stability of meteorites, the 
information generally is well preserved. By studying it we can hope to learn 
much about the meteorites. We may try to discover, for example, how they 
were formed as small objects and put into the orbits from which the earth 
has captured them. To do this we need first to know the duration of the 
bombardment, to fix the time of the original event. Another question con- 
cerns the size and shape of meteorites before their passage through the 
earth’s atmosphere, during which they suffer extensive ablation and often 
break into many pieces. This may be answered by sufficiently detailed study 
of the variation with depth in the meteorite of the abundance of certain 
bombardment products. 

Much can also be learned about the cosmic rays. Particularly important is 
the question of possible variations of the intensity of the radiation with time 
over long periods of the past. No other data exist on this point. Since the 
orbits of at least some meteorites extend far beyond that of Mars, one may 
study the variation in intensity with distance from the sun. 

It is well known that cosmic rays produce effects in the earth’s atmos- 
phere similar to those in meteorites. The first and most important applica- 
tion of this fact is carbon-14 dating, developed by Libby (1). Many other 
product species have since been discovered and used in various ways. The 
general subject has been reviewed by Lal & Peters (2). 

The field of the present review was last covered in print by Geiss (3) in 
1957. An unpublished lecture by Eberhardt & Geiss (4) gives a more recent 
account. The reader may also find useful some references on the general sub- 
jects of meteorites (5, 6, 7) and cosmic rays (8, 9, 10). 


GLOSSARY 


It will be helpful first to define a few terms concerning meteorites: 


“fall” A meteorite whose fall has been observed and recorded. 
“find” Any meteorite which is not a “fall.” 
1 The survey of literature pertaining to this review was concluded in May 1961. 
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iron A meteorite composed almost entirely of iron-nickel alloy. The nickel 
concentration is typically around 8 per cent but varies widely. Small in- 
clusions occur containing sulfides, phosphides, graphite, iron (11) chloride 
(lawrencite), and other substances. 


stony-iron A meteorite composed of a mixture of iron-nickel and silicate in compar- 
able amounts. Iron is usually the external phase. 


stone A meteorite consisting mainly of silicate minerals. Stones are classified as 
chondrites or achondrites. 


chondrite A meteorite containing a complex assemblage of minerals, including char- 
acteristic small round structures called chondrules. Chondrites usually 
contain a substantial fraction of iron metal (of the order of 10 per cent). 
The most abundant elements in order are O, Si, Mg, Fe, Ca, S, Ni, and Na. 
The chondrite is by far the commonest type of meteorite among “‘falls.” 


achondrite Any stone which is not a chondrite. This category includes some stones 
closely similar in composition to chondrites, along witha variety of others. 


HISTORY 


The history of the subject begins with the researches of Paneth (11, 12) 
on rare gases in meteorites. Paneth attempted to measure ages of meteorites 
(since solidification) by the uranium-helium method. The results were dis- 
cordant. Bauer (13, 14) pointed out the existence of a negative correlation 
between meterorite mass and helium content. This led him to suggest that 
the observed helium was produced by cosmic ray bombardment rather than 
by the decay of uranium. As a test of this hypothesis, he proposed that the 
ratio of helium 3 to helium 4, in the meteoritic helium, should be of the order 
of 0.1 to 0.5, as among spallation fragments, as compared to a much lower 
value for terrestrial or solar helium (15). A similar suggestion was made inde- 
pendently by Huntley (16). Paneth, Reasbeck & Mayne (17) measured this 
ratio in several small iron meteorites and found a value of 0.3. A decrease in 
helium content with depth was looked for in the small meteorite Treysa but 
was not found. Calculations of depth effects and of absolute rates of pro- 
duction were made by Singer (18) and Martin (19). Other rare gases were 
later measured (20, 21); their isotopic ratios also deviated widely from ter- 
restrial values and were consistent with production by high-energy bombard- 
ment. 

The first measurements of a radioactive species (hydrogen 3) in iron and 
stone meteorites were made by Fireman & Schwarzer (22), and Begemann, 
Geiss & Hess (23). These authors introduced the calculation of cosmic ray 
bombardment ages without recourse to difficult calculations of absolute 
production rates. If for example, the ratio of hydrogen 3 to helium 3 at pro- 
duction is known, the ratio observed in a “‘fall’’ can be used directly to give 
a ratio of the total bombardment to the present-day bombardment intensity. 
If the flux is assumed constant, an age or bombardment time can be given. 
Later workers have developed both experimental methods and theory much 
further. 
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EXPERIMENTAL METHODS 


The amounts of radioactive and stable cosmogenic nuclides in meteorites 
are small. The fraction of the atoms in a meteorite which are transmuted is at 
most of the order of 10~7 of the total, while some interesting species are pro- 
duced in yields below 10~ per interaction. Measurements are difficult to 
make and require quite special techniques. 

The concentration of stable rare-gas nuclides is measured by mass spec- 
trometry. The sample is melted, or even vaporized, in a thoroughly out- 
gassed system. After purification from reactive gases, the extracted noble 
gas is admitted to the spectrometer. It is usually measured under static con- 
ditions, that is, with the system closed off, to increase sensitivity. The blank 
corrections and absolute calibrations must be made with great care. The 
technique is described in detail by Signer & Nier (24). Figure 1 taken from 
their paper shows an especially clean spectrum of cosmogenic argon. Hoffman 
& Nier (25), Schaeffer & Zaihringer (26), and Eberhardt & Eberhardt (27) 
should also be consulted. 

In the nature of mass spectrometric methods, isotope ratios in a sample 
can be measured directly with high accuracy. The measurement of absolute 
amounts and ratios of different elements, however, requires a number of 
corrections and auxiliary measurements. It is in such measurements that 
disagreements between laboratories have most often occurred. 

Another problem is the correction for terrestrial contamination and pri- 
mordial gas. The former is now well understood, although errors may some- 
times be underestimated. The latter, representing gas incorporated early in 
the meteorite’s history, is more difficult to correct for, because of uncertainty 
in the isotopic composition. This problem is carefully treated by Stauffer 
(28). 

Fireman (29) has measured the concentration of helium 3 in iron meteor- 
ites by activation analysis, using the reaction He’ (n, p) H*. This reaction 
is especially useful because of its high cross section (5400 barns). The com- 
peting reaction Li® (7, a) H* (e=945 barns) does not seem to interfere seri- 
ously in irons. 

Wanke (30) has measured stable cosmogenic scandium 45 in iron meteor- 
ites by activation analysis using the reaction Sc® (n, y) Sc. The latter is 
an 84-day 8- emitter. Amounts of the order of 10~'° g/g were easily meas- 
ured. 

Stauffer & Honda (31) have measured vanadium 50 and a number of 
stable calcium isotopes in the iron phase of meteorites, using solid-source 
mass spectrometry. Each element must first be separated chemically. Meas- 
urements of chemical yield and natural contamination are made by isotope 
dilution. A remarkable achievement in this area is the measurement of 
K* and K* by Voshage & Hintenberger (74). 

Radioactive species with ZS28 emit beta, gamma, or X radiation or 
sometimes more than one of these. Gamma radiation is emitted by species 
such as aluminum 26, manganese 54, and the cobalt isotopes. Measurements 
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can be made using the intact meteorite, thanks to the great penetration of 
this radiation (32, 33). 

Beta radiation is best measured in an anticoincidence arrangement of the 
type developed by Libby and co-workers for carbon-14 dating (1). The ex- 
ternal shield, which removes local gamma radiation, is generally of steel. The 
anticoincidence counters may be a cluster of cosmic-ray tubes (1), a large 
annular multiwire counter (35), or a flat, multiwire tray (36). The working 
counter may assume a variety of forms (35 to 38) depending on the species 
to be counted. 

The K-X radiation emitted by radioactive nuclides in the region of iron 
may be measured by means of Geiger (39) or proportional (34, 40) counters 
filled with gas mixtures based on argon. The use of a proportional counter 
with pulse height selection permits positive identification of the X rays of 
each element, achieving at the same time a substantial reduction in back- 
ground, 

When several isotopic species occur at once, they may be distinguished 
by their half lives or characteristic radiations, and by use of other special 
techniques (34, 38). The extraction of each element in chemically and radio- 
chemically pure form is the most difficult part of the experiment. Radioac- 
tive argon isotopes are extracted by the same techniques used for the stable 
ones. The methods of wet chemistry must be employed for most other ele- 
ments. Much use is made of ion exchange and solvent extraction methods, 
since they minimize chemical losses and can be made highly specific. The 
details cannot be given here; the reader is referred to examples (34, 35, 39). 
A good procedure must meet the criteria of high and precisely measurable 
chemical yield and of demonstrable radiochemical purity of the product. 
The former requires that all chemical forms of the element, including added 
carrier if any, must be brought into exchange equilibrium at the start of the 
procedure. An example of difficulty in this is chromium, whose complex ions 
are numerous and stable toward exchange and chemical reaction. The ac- 
cepted method here is to oxidize to chromate as soon as possible. The intro- 
duction of significant amounts of the element in the laboratory is sometimes 
hard to avoid, especially for common elements such as potassium, calcium, 
and aluminum. The use of plastic, platinum, and quartz ware, along with 
careful choice of reagents (for example, HCl and ammonia as gases), is often 
necessary. Large amounts of carrier are helpful where they can be tolerated 
in the later measurement. Losses may be much greater at microgram levels 
and below. 

Radiochemical purity requires the use of activity-free carriers and rea- 
gents. The final procedure should be specific to the element desired. How- 
ever, experience shows that unexpected interferences occur in most if not all 
procedures (41, 42). The best available safeguard is to repurify the counting 
samples at least twice, using each time a completely different chemical pro- 
cedure. Finally the half life and other properties of the radiation must be 
checked as completely as possible, given the low level of activity. The method 
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of milking daughter activities is used wherever possible. Much has been made 
of the necessity to conserve meteoritic material, but it must be emphasized 
that small samples yielding marginal quantities of radioactivity may be 
completely wasted, because the checks just discussed cannot be carried out. 

The case of tritium in iron meteorites deserves special mention. The early 
finding (22) of activity in about the expected amount has not been verified. 
Surprisingly, iron meteorites show little or no hydrogen 3 (43) while a positive 
result has been reported for the iron phase of a chondrite (44). The observed 
ratio of helium 3 to helium 4 is difficult to reconcile with the loss of tritium in 
space. Apparently it is lost under terrestrial conditions, but the situation is 
still obscure. 


Cosmic Ray AGE 


The cosmic ray age, or bombardment age, can be defined as the ratio of 
the total accumulated concentration of a nuclide divided by its production 
rate at the present time. It may be interpreted directly as elapsed time if 
the flux bombarding the individual sample used for measurement has been 
constant throughout the bombardment. 

In principle this age can be calculated from the concentrations of any 
two nuclides, of which one is short lived compared to the observed age (and 
thus in secular equilibrium) and the other is not. The latter is usually a stable 
species. The data required are the decay rate of the radioactive nuclide A; 
corrected to the time of fall of the meteorite, the concentration of the stable 
species C; expressed in compatible units, and the ratio of the production 
rates R;/R;. Then the bombardment age T7;; is given by 
_ RC; 

RAi 

The ratio R;/R; would be exactly known (and equal to one) if the stable spe- 
cies 7 were produced entirely by decay of the radioactive species 7. The clos- 
est approach to this is the pair Cl** and Ar* in iron meteorites. About 80 per 
cent of Ar** is formed by decay of Cl** (45). Other isobaric pairs are also use- 
ful if the ratio has been measured. This is made easier because ratios of pro- 
duction rates of isobars in high-energy reactions are usually insensitive to 
the energy of the bombarding radiation (59). The ratio is thus insensitive 
to the spectrum of bombarding particles and to depth in the meteorite. It 
may be determined by a measurement of the cross-section ratio at an ap- 
propriate energy. Possible examples are Cl**—Ar**, H*—He’, Na*—Ne”, 
and Ca**—Sc*, The pair at mass 3 is subject to difficulties because of ap- 
parent H# loss (see above). 

The next best case is that of pairs of closely similar mass numbers, pro- 
duced by high-energy reactions. Depth effects are still small in this case. 
The best-known example is Ar**—Ar*8 (in iron meteorites). Laboratory cross 
sections are still useful. Other possibilities are V4*—V®—Cr®, Sc#*—Sc*, 
and Na*%—Ne”, 
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Now that the ratios of production rates are understood, at least for 
“small” iron meteorites (see below) any convenient pair may be used for an 
estimate of the bombardment age, accurate to a factor of two or better. 

Finally, since the production rates of most species are rather insensitive to 
depth and size in small meteorites (see below), and since most meteorites 
appear to be in this category, a crude estimate may be made of the age using 
stable-nuclide data on a meteorite together with a production rate calcu- 
lated from well-studied meteorites. Such an estimate may be substantially 
too low, if the meteorite is a fragment of a larger mass, but will usually be 
correct to a factor of two or three. 

In the use of Equation 1 the time of fall is assumed known. Some “‘finds” 
apparently have substantial terrestrial ages (see below). 

Cosmic ray ages of meteorites are always much shorter than their ages of 
about 4.5 10° years determined from decay of natural radioactivities. The 
idea that this results from a lower primary cosmic ray intensity in the past 
is eliminated by the undoubted fact that different meteorites have different 
cosmic ray ages. The great majority of irons show ages of hundreds of mil- 
lions of years, with few if any above a billion. The ages of chondrites, on the 
other hand, appear to be less than about thirty million years in all cases 
studied so far. 

A simple interpretation of these facts is given by Eberhardt (46). Meteor- 
ites, in this picture, were originally part of larger asteroid bodies, and thus 
shielded from the cosmic radiation. A depth of three to ten meters would be 
sufficient for shielding. At some time in the past two such bodies collided, 
and the meteorite began its history of exposure. Rates of collision in the 
asteroid belt have been calculated by Opik (47) and shown to be sufficient. 
There is an apparent difficulty in imparting sufficient velocity relative to the 
colliding bodies (which presumably move in closely similar orbits and thus 
at rather small speed relative to each other). However, it has been shown 
(48) that small fragments can be “sprayed out”’ at high velocity relative to 
bodies colliding at velocities of a few kilometers per second. 

The effect of successive collisions on the production of cosmogenic nuclides 
depends on meteorite size (see below). Since production in small meteorites 
shows little depth or size variation, successive collisions would produce small 
effects, detectable only if the pre-atmospheric size and shape were known. If, 
however, the mass of a meteorite is in the region of tons, successive collisions 
may expose more or less “‘fresh’”’ surfaces. Such meteorites would show dif- 
ferent cosmic ray ages in different portions. Vilcsek & Winke have pointed 
out the apparent existence of this effect-in the large iron meteorite Sikhote- 
Alin (83). Evidence of violent collisions is frequently seen in iron meteorites; 
a striking example is the Japanese meteorite Shirahagi (50). 

On this model the difference between the bombardment age of a typical 
chondrite, ~2X107 years, and that of a typical iron meteorite, ~5 X 108 
years, is explained by a difference in durability. The meteorites, in highly ec- 
centric orbits, must suffer many more collisions than the original bodies. 
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Durable pieces, the irons, survive while the soft, friable chondrites are 
quickly destroyed, that is, reduced to a size too small to penetrate the 
earth’s atmosphere. A difficulty with this model is the low apparent bom- 
bardment age of several low-nickel iron meteorites (49). One achondrite, 
Norton County, appears to have a bombardment age of 2 10* years (23). 

There is an apparent tendency of cosmic ray ages of meteorites to clus- 
ter around certain typical values. Geiss, Oeschger & Signer (51) have sug- 
gested that most or all chondrites have the same true cosmic ray age, 
2.210" years, assuming that He* and H® are produced at equal rates. They 
explain the lower values observed in some chondrites by rare-gas leakage. 
Even if there is no gas loss, a visible clustering remains. It is possible that 
most irons have a single age of around 5X 108 years. If so, the obvious con- 
clusion is that most members of each class were born in a single major col- 
lision. This would have far-reaching consequences; for example, it would 
cast doubt on the frequently used assumption that the chemical composition 
of chondrites represents that of average undifferentiated matter of the solar 
system. No final conclusion can be drawn at present. 

Another model attributes the short ages to slow, uniform erosion of 
larger bodies by dust particles (52). On this assumption the differences in 
age are caused by the differing rates of erosion of hard and soft bodies. Seri- 
ous objections have been raised to this model in its pure form (46, 53), but 
such effects have not been ruled out as contributing factors. There is no 
sharp division between the notions of erosion and of successive collisions 
when the number of the latter grows large. 


TERRESTRIAL AGE OF METEORITES 


The terrestrial ages of ‘‘falls’” are of course well known. The age of a 
“find” can be calculated from activity data under certain conditions. The 
best case is that in which the activities of such comparatively long-lived 
species as beryllium 10 and manganese 53 in an unknown can be compared 
with those in a “fall.” If both these species, which represent extremes in 
terms of the mean energies of the bombarding particles, show the same ac- 
tivity, this should also be true of intermediate species. Sometimes compari- 
sons of closer pairs are possible. The ratio of the activity of a short-lived spe- 
cies to the value expected from these considerations must be e~” where t 
is the terrestrial age. 

The only cases of measured terrestrial age known presently to the writer 
are the irons Williamstown (39) and Keen Mountain (49). The former shows 
virtually the same Be! and Mn® as the “fall” Aroos but about 3.5 dpm/kg 
Cl** (39, 55) as against 14-18 for Aroos (34, 49, 54, 56). Thus the terrestrial 
age appears to be of the order of 6105 years, an unexpectedly high figure 
for the time of survival of an iron meteorite in a wet climate. The age is sup- 
ported by the absence of Ni®® (t2=8X 104 years) (54) and Ar®® (4j2=325 
years) (57). The neutron-capture species nickel 59 cannot easily be used, 





ney renames 











COSMIC RAYS IN METEORITES 357 


however, to determine ages, since its production rate varies greatly from 
one meteorite to another. 

Many measurements of argon 39 in “finds” have been made by Winke 
(49) and Fireman & de Felice (38). Only one definite positive value has been 
reported, that for Keen Mountain (49) whose terrestrial age, computed with 
chlorine 36 as a standard, is about 1000 years. All others are older than 1500 
years. From the limited data we can conclude that typical ages for iron 
“finds’’ may be in the region of 10‘ to 10° years. 


Types oF NUCLEAR REACTIONS 


Nuclear reactions of all possible kinds take place when cosmic rays 
bombard meteorites. The primary particles produce an abundance of sec- 
ondaries, which cause most of the transmutations. Neutrons, protons, and 
pit mesons are the most important of these secondaries. In the Bev region 
all three components are of comparable abundance. At lower energies the 
yield of mesons is not very large compared with that of nucleons. Also, at 
lower energies, charged particles are frequently brought to rest by ionization 
without undergoing nuclear reaction. Below 100 Mev, only the flux of neu- 
trons need be considered (58). 

The term “‘spallation,” originally used to describe the removal of many 
individual particles from a target nucleus struck by a high-energy particle, 
has been extended in current usage to include all high-energy reactions ex- 
cept fission. The course of a spallation reaction is usually described (59) as 
consisting of two phases: a knock-on and an evaporation phase. In the first 
phase a collision occurs between the bombarding particle and an individual 
nucleon. This may be followed by one or more further high-energy collisions. 
Mesons may be created in this step. At the end one or more fast particles 
emerge from the nucleus. The next stage, when no high-energy particles 
remain, is characterized by a short nuclear mean free path and a rapid dis- 
tribution of the residual energy among the nucleons. The final result is the 
loss of energy by the evaporation of more nucleons, this time of low energy. 
The remaining energy after the knock-on stage determines the number of 
emitted nucleons. For a given bombarding energy, these residual or deposi- 
tion energies have broad distributions, but mean values may range from per- 
haps 30 Mev for proton bombardment at 100 Mev to 200 Mev at 2 Bev (59). 
For a given mass number (A) in the low-mass region (A £70), the distri- 
bution of products tends to cluster around the atomic number (Z) values of 
stable isobars. As the energy of the bombarding particle increases, the dis- 
tribution of A becomes broader, until in the Bev region all values are repre- 
sented in similar yield. Figure 2, which shows the calculated distribution of 
products from bombardment of iron (58, 60) at different energies, gives a pic- 
ture of this behavior. 

The dependence of cross section on the A and Z of target and residual 
nuclei, and on the energy of the bombarding particle, has been analyzed 
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Fic. 2. Calculated dependence of the total production cross section for each mass 
number on A, for bombardment of Fe® by protons of various energies (58, 60). 


semi-empirically by Rudstam (60) and later workers (61). For a given target 
the cross section varies smoothly with product A. For each A the logarithm 
of the cross section, plotted against Z, is a parabola. Only a few nuclei of a 


given A are produced in high yield. 
The variation of production cross section for each product nuclide with 


energy (Z, in Bev) may be represented approximately by 
In o(E, A, Z) = In P — PAA + C(A, Z) 2. 


Here P=0.11E~°-*4 (58) and C(A, Z) is a constant for each product nuclide. 
The shape of the curve is roughly sigmoid, the cross section rising rather 
steeply for an interval above an effective threshold, then increasing or de- 
creasing slowly. The greater AA, the higher the effective threshold. It is 


about 1 Bev for neon isotopes produced in iron. 
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Nuclei close to the target are produced also by neutrons below 100 Mev. 
For these species production rates may not vary smoothly with A and Z. 
At low energies the cross section for reactions such as (m, 2m) may vary by a 
factor of three or more from one element to the next. Emission of @ particles 
is important for light target nuclei. 

Small product nuclei are a special case. In general they are emitted frag- 
ments rather than residual nuclei. Those up to and including helium 4 are 
emitted in evaporation at all energies. Species such as beryllium 7 are 
emitted only at high energies. The rise in their production cross sections con- 
tinues into the Bev region (62). 

For the study of depth effects it would be most convenient to possess 
products which would serve as ‘“‘markers”’ for particles of particular ener- 
gies. This would require that the excitation function of each show a sharp 
peak, preferably dropping off to very small values at high energy. The best 
case would be a nuclide produced by the (n, p) reaction. The cross section of 
this reaction usually reaches several hundred millibarns at an energy 
around 10 Mey; it drops to about a millibarn at several hundred Mev. Un- 
fortunately most (m, p) products in meteorites are too short lived for meas- 
urement. Favorable examples are Ni®*(n, p)Co®* and S®(n, »)P®, although 
both products are also made in other ways. The (n, 2m) and (mn, pm) reactions 
also show high peaks at low energy, and production at these energies is much 
larger than at higher energies (where the cross section levels off at some tens 
of millibarns). Some good examples are Co*™ from Ni®*, and Fe® from Fe®. In 
a chondrite, Al?* and Na” are made by this and similar low-energy reactions. 

In general, because the differential flux spectrum inside a meteorite de- 
creases monotonically with energy (see below), each spallation product is 
produced mainly near the “knee” of its excitation function. 

There is a characteristic difference between irons and stones in the aver- 
age energy of particles producing a particular species. In iron, for a species 
like sodium 22, AA = 34 and the production is caused by particles in the Bev 
region. In a stone, Na™ is made chiefly from magnesium and silicon isotopes, 
and AA is small. Neutrons below 100 Mev are the active particles. A species 
like scandium 46, with AA = 10 relative to iron, is made in nearly the same 
way in stones as in irons, because of the low abundance of elements between 
iron and calcium in the stones. But by comparison with other species it is 
classed as a “high-energy product” in stone and a “low-energy product”’ in 
iron. 

The neutron capture reaction is especially interesting. Low-energy neu- 
trons must be produced by moderation. This requires many collisions, espe- 
cially in an iron. 


VARIATIONS WITH DEPTH AND SIZE 


Early experimental studies on changes of helium concentration with 
depth in iron meteorites (17) have been followed by more detailed measure- 
ments on this and other rare gases. The best-studied meteorites are Grant 
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(24, 25, 63) and Carbo (29, 64). Grant is a 440-kg, roughly spherical indi- 
vidual. Figures 3 and 4, taken from Signer & Nier (24), show some of the 
results obtained on samples from a slice through the center of this specimen. 
Results on Carbo demonstrate that it is a piece of a larger object. No experi- 
mental studies exist of depth effects in stones. 

The most striking fact about the depth effects in Grant is that they are 
small. The largest depth effect is observed for neon. The radius of Grant cor- 
responds to a path of 200 g/cm?, while the interaction mean free path for 
high-energy protons in iron is about 100 g/cm*. A collimated beam would be 
attenuated by a factor of e* in this interval. Three major factors account for 
the observed slow variation: (a) production by high-energy secondary par- 
ticles, (b) the fact that the beam is isotropic, and (c) atmospheric ablation, 
which removes a layer of undetermined thickness from the surface. Little 
progress has been made in measuring ablation independently of cosmic ray 
effects, but Maringer & Manning (65) have estimated 2 to 6 cm in the case of 
Grant. Another effect, important for lower-energy products, is the angular 
spread of the secondary particles relative to the incident primary. 

The calculation of depth effects was first carried out by Martin (19) 
using cascade theory. Later calculations on this model are those of Ebert & 
Wanke (66), Hoffman & Nier (25), and Signer & Nier (24). The theoretical 
model traces the development of the cascade, starting with assumed 3-Bev 
primaries, each of which generates three secondaries of 300 Mev. The model 
is semiquantitative for the rare gases in irons, but not sufficiently realistic to 
be used for species near the target (and thus for rare gases in stones). 
Realistic a priori cascade calculations, using energy distributions of primary 
and secondary particles, have so far not been attempted because of their 
mathematical complexity and the inadequacy of some of the basic data. 

Estimates of ablation in Grant, based on this model, are in the region of 
12 cm (24, 25). In their calculation, Signer & Nier treat the relative produc- 
tion cross sections as free parameters. The values determined agree well 
with experiment except for the ratio og.*/aye! at high energy for which the 
observed values are all in the region of 0.3, while the calculated one is 0.67. 

The effect of meteorite mass on the production rate of most species is also 
rather small so long as the mass is in the region between a few and a few 
hundred kg. This may be seen from the experimental data on radioactive 
species given in Table I (34, 39, 67). It should be noted that not more than 
one ton of any chondrite has been recovered. 

The small magnitude of size and depth effects in small meteorites is a 
great convenience in studies of cosmic ray ages and variations in time. Con- 
versely it limits the accuracy of calculated values of ablation. A promising 
approach, not yet carried out, is to use the depth effects on concentration of 
low-energy products such as manganese 53 and iron 55. Their production 
should increase by a factor of about 1.5 from edge to center of Grant in the 
absence of ablation, because of the rapid growth in the number of secondaries 
of 10 to 20 Mev with depth (58). 
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Fic. 4. Contours of equal concentration for Ne* and Ar**. Bar designations 
at right. Crosses indicate location of measured samples (24). 
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TABLE I(A) 


LonG-LIvVED ACTIVITIES IN SOME SMALL [IRONS 
[Data of Honda, Shedlovsky & Arnold (34, 39)] 











Be!” Al* Ci Mn*® 
Aroos 4.1 dpm/kg 3.6 dpm/kg 14,16.5dpm/kg 515 dpm/kg 
Grant 4.0 4.3 12.4* 380 
Williamstown 3.5 3.4 3.5» 360 





® Reference (56). 
» This low value is ascribed to a great terrestrial age (see text). 


TABLE I(B) 


ARGON 39 In SOME CHONDRITES 
[Data of Stoenner, Schaeffer & Davis (67)] 











Ar®® Per cent Per cent 
(at time of fall) Fe Ca 
Benton 9.0+0.3 20.2 
Forest City 11.9+0.5 29.9 1.41 
Richardton 7.1+0.6 
Murray 9.4+0.5 21.5 1.37 
Hamlet 7.8+0.2 19.5 





A still more rapid increase with size and depth should occur in the case of 
(n, y) products such as nickel 59 and cobalt 60. The average production in- 
creases several times in going from 10 to 20 cm radius, while the concentra- 
tion gradient in the outer 8 cm is very steep (68). This variation is convenient 
for ablation studies. It is interesting that the production of chlorine 36 by 
Cl*(n, y)CI* in iron meteorites, first suggested by Geiss, has not been ob- 
served. Capture of neutrons appears to take place at energies far above 
thermal levels. 

In a large meteorite the depth gradient will appear much steeper after the 
outer 10 to 20 cm have been passed. Below this depth the production rate for 
any species will decrease exponentially about as e~*/§° (where x is in g/cm’), 
as it does in the earth’s atmosphere. This has been observed in the large iron 
Sikhote-Alin (69, 70). 


SPACE VARIATION IN Cosmic Ray INTENSITY 


We come finally to the question of the constancy of the cosmic ray in- 
tensity in space and time. The space variation will be dealt with first. 
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The commonly held idea that meteorite orbits extend to the asteroid belt 
is supported by the one well-established orbit, that of the chondrite Luhy or 
Pribram (71). The period of this orbit is 3.8 years; the time average distance 
from the sun is 3.1 astronomical units. Let us assume that these values are 
typical. Then nuclides of half life long compared to 3.8 years have accumu- 
lated over many periods. The bombardment which produced them occurred 
mainly beyond the orbit of Mars. Nuclides of half life less than a few months 
have been produced in the same way, but only those atoms which were made 
in the portion of the orbit near the earth survive to reach us. If we measure 
the activities of suitable pairs and compare them with those expected from 
laboratory experiment or theory, the results give a measure of the space 
variation. Appropriate pairs should be as similar as possible except for half 
life; best of all would be isobars. Possible choices are Ar®7—Ar**, Be7—Be’®, 
p22—Sji, Ar’7—C]®, Ti##—Sc**, and Mn*—Mn*, Only the first of these has 
been used. The chondrite Hamlet (67, 72) and the iron Aroos (72) have been 
studied. 

The conclusions of the two studies differ considerably. Stoenner, Schaef- 
fer & Davis (67) find an experimental ratio Ar*’:Ar®® of 2.0+0.3. By bom- 
barding a piece of the same meteorite and a number of the major constituent 
elements at Brookhaven, under conditions somewhat similar to the natural 
ones, they derived an expected value of 1.5+0.2. Fireman & de Felice (72) 
report the experimental ratio as 2.3+0.2, and an expected value (based on 
another bombardment) of 1.2+0.3. In Aroos the latter authors find the 
activity ratio to be 1.4+0.3, while the expected value is 0.8+0.1. The error 
in the expected value is less for an iron meteorite. Thus one group finds 
little or no space variation in cosmic ray intensity, while the other concludes 
that the cosmic ray flux near the earth is of the order of twice that in the 
asteroid belt. It is worth noting that the data of Honda & Arnold (34) on 
many species of short and long life in Aroos show no trend with half life. 

The accuracy of present data on this subject is adversely affected by the 
interval of months between meteorite fall and counting measurements. Much 
better measurements could be made with samples obtained more quickly. In 
any case direct measurements of cosmic ray intensity in the region of Mars 
and beyond will probably be made in a few years. 


TIME VARIATION 


In studies of the time variation of cosmic ray intensity, one tests the 
assumption that the intensity has been constant since the start of the bom- 
bardment. On this assumption each radioactive nuclide whose half life is a 
small fraction of the duration of bombardment is in secular equilibrium. The 
decay rate A equals the rate of formation R. The cosmic ray age is the true 
duration of the bombardment; the same age must result whatever pair of 
species is used. If the half life of a nuclide is comparable to the bombardment 
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age, the decay rate is given by A= R(1—e™*). The only present example of a 
partially saturated species is potassium 40. 

Comparisons of the rate of formation and decay are most easily carried 
out for isobaric or neighboring pairs. Here experimental or calculated values 
of production cross sections at a typical energy may be used to fix the pro- 
duction ratio, since the ratio of cross sections is nearly independent of energy. 
Thick-target bombardments which simulate natural conditions are also more 
likely to give correct results for such pairs. A comparison was carried out by 
Honda & Arnold (34) for the pairs Mn*—Mn®, Ti#—Sc““—Ca*, and Al?*— 
Na” in the iron meteorite Aroos. They concluded that the observed ratios of 
activities were in agreement within a factor of two or three with expected re- 
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sults for secular equilibrium. Thus the variations in intensity, averaged over 
the half lives of each species, have not been great. 

The most thorough study yet carried out on this question is that of 
Arnold, Honda & Lal (58). They derived a spectrum of effective parti- 
cles at a depth of 100 g/cm? in a typical ‘‘small” iron meteorite. The spec- 
trum is shown in Figure 5 along with that derived for a depth of 10 g/cm’, 
and the primary spectrum of McDonald & Webber (80). The integral over 
energy of the product of the spectrum and the excitation function for each 
species gives its production rate. It was shown that the absolute production 
rate of chlorine 36 was well reproduced when the present-day flux was used 
(23 dpm/kg calculated versus 14-18 dpm/kg experimental). All other spe- 
cies for which good data exist were compared with chlorine 36. An abbrevi- 
ated and modified version of their Table V is shown in Table II. The experi- 
mental data for vanadium 50 (31) and calcium isotopes (73) have been 
added since the original publication. Stable species are compared to argon 36, 
taken as 1.2. The calculations agree well with the results, including the new 
ones. The scatter is of the order of 40 per cent, and no trend is apparent with 
charge or mass of the product nuclide. This gives ground for confidence that, 
within the accuracy of data and calculations, the cosmic ray intensity, aver- 
aged over the half life of each species, has been constant. The longest half life 
represented is that of manganese 53. 

For the region of 10° years, potassium 40 is the only useful nuclide. The 
short bombardment age of most irons, 5X10* years, permits only a small 
amount of decay to occur—13 per cent on the assumption of steady state. At 
present, from the work of Voshage & Hintenberger (74) and Honda et al. 
(31, 75), it can only be concluded that the flux over the time of bombardment 
has been similar to the present one within a large error, perhaps a factor of 
two or three. Studies of meteorites of longer bombardment age are in prog- 
ress. 

The use of meteorites of finite, known terrestrial age would allow a more 
detailed study of cosmic ray time variations, a comparison being made of the 
saturation activities of a given species in bombardments ending at different 
times. Studies of argon 39 in old ‘“‘falls,’’ for instance, might shed light on the 
observed small variation with time in carbon-14 activity (corrected for de- 
cay) of terrestrial plants (76, 77). 

Short-term variations in the intensity of high-energy particles must also 
be considered. The 11-year solar cycle should have only a small effect on pro- 
duction rates, except in very small meteorites. Bursts of particles associated 
with solar flares are sometimes intense enough to be capable of causing in- 
creases in the activities of short-lived radioactive species. 

The conclusion that the cosmic ray intensity has been much the same for 
millions, and perhaps hundreds of millions, of years has not been greeted 
with astonishment. While theories of the origin of cosmic rays are still 
numerous and controversial, they tend more and more to give the phenome- 
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TABLE II 


PRODUCTION RATES OF RADIOACTIVE AND STABLE NUCLIDES 
IN THE [RON METEORITE AROOS 
(Cl%*=1, Ar*=1.2) 








Nuclide Half life Exptl.* 





H8 12 yr 

He? stable 34 
He‘ stable 128 
Be!® 2.5108 yr 0.29 
z=Ne stable 1.2 
Na” 2.6 yr 0.15 
Al* 7.4105 yr 0.26» 
Si® ~700 yr 0.06 
Cl 3.1105 yr (1) 
Ar* stable (1.2) 
Ar’? 35 days 
Ar®8 stable 

Ar®9 325 yr 
Ca® stable 

Ca* stable 

Ca‘ 164 days 
Ca* stable 

Sc stable 

Sc* 84 days 
Ti* ~200 yr 
vis 16 days 
vs 330 days 
Vso stable 

Crs 28 days 
Mn® >2X108 yr 
Mn* 308 days 
Fes 2.6 yr 
Cos 77 days 
Co? 270 days 
Co 71 days 
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* All data on radioactive species are from (34), unless otherwise noted. Stable 
rare gas data are from P. Signer (unpublished). 

> Production from P and S is estimated to account for half of this quantity. 

° Fireman & de Felice (72), H. Wanke (unpublished), D. Heymann & O. A. 
Schaeffer (unpublished). 

4 Data of M. Honda and H. Stauffer. 

® Calculated from data of H. Wanke on similar meteorites. 

‘ Calculated using spectrum S(100), appropriate to a depth of 100 g/cm?. 
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non a general galactic character. The production rate in the galaxy of super- 
novae (78), and still more of contact binary stars (79) and other common 
types (84), should not have varied much over these periods. If, on the other 
hand, as Shklovsky (81) suggested, the solar system may have passed through 
the remnants of supernova clouds in which an extremely high cosmic ray 
flux must persist, a different result might have been expected. Even passage 
near the region of an old supernova might have produced a measurable 
change (82). 
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INTRODUCTION 


The Geneva negotiations on the discontinuance of nuclear weapon tests 
have focused considerable scientific attention on the problem of detecting 
nuclear explosions. The present paper reviews the detection problem 
broadly and describes in detail some of the more important aspects of the 
problem. There has been no attempt at completeness, and no attempt at 
evaluating the specific detection capabilities of the international detection 
system which were discussed at the Geneva political negotiations. 

Detection will be discussed separately for each environment in which 
explosions could be undertaken—in the atmosphere, underwater, under- 
ground, and in space. The underground and space environments will be 
treated in greater detail than the atmosphere and underwater environments, 
since the more difficult problems for detection arise in the case of under- 
ground and space nuclear explosions. 


ATMOSPHERIC NUCLEAR EXPLOSIONS 


Detection of atmospheric nuclear explosions (1) depends primarily upon 
observing acoustic signals generated by the explosions and upon collecting 
radioactive debris. Radio signals are also generated by nuclear explosions, 
but are less useful for detection because of the intense background of similar 
signals from natural lightning which may be confused with explosion signals. 


DETECTION OF ACOUSTIC SIGNALS 


In the period immediately following detonation, the energy generated 
by a nuclear explosion appears primarily in the form of thermal radiation. 
This radiation diffuses out from the exploding device and into the surround- 
ing air, heating up the air and forming an “isothermal sphere.’’ As the 
sphere expands, it engulfs more air; it cools, and its rate of expansion de- 
creases. When the sphere cools to a temperature of about 30 ev, the speed 
of expansion becomes subsonic with respect to the heated air in the sphere, 
and a shock wave develops at the surface of the sphere. For a one-kiloton 


1 The survey of literature pertaining to this review was concluded in June 1961. 
2 This work was supported in part by the United States Atomic Energy Com- 
mission and, in the case of Dr. Watson, the Institute of Defense Analysis. 
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explosion,’ the shock wave forms when the sphere has a radius of about 10 m, 
which occurs at a time of about 0.2 msec after the explosion. Shortly after 
this time, hydrodynamic effects dominate and the shock wave propagation 
becomes independent of the source mechanism. The propagation is found to be 
the same as it would have been if the isothermal sphere had had zero radius. 
For a zero-radius isothermal sphere it can be shown from the equations of 
hydrodynamics that the shock pressure is a function only of its radius R 
divided by the explosion yield Y to the one-third power. 

As the shock wave moves outward, its strength and speed decrease. 
Eventually the shock wave degenerates into an acoustic wave, whose over- 
pressure follows the law 


tm = CY"9/R 


in a homogeneous atmosphere, where C is a constant independent of Y. 

In the real atmosphere, inhomogeneities strongly affect the propagation 
of the acoustic signal and, thus, the dependence of p, on R. The most im- 
portant inhomogeneity is the variation of the sound speed with altitude. 
The temperature of the atmosphere decreases from sea level to about 10 
km altitude, remains constant between 10 and 30 km, and then increases. 
Since the speed of sound is proportional to the square root of the tempera- 
ture of the atmosphere, the region between 10 and 30 km forms a low- 
velocity wave guide for sonic propagation. The acoustic signals from explo- 
sions propagate to great distances principally in this wave guide. At great 
distances the combined effects of cylindrical divergence and waveguide dis- 
persion lead approximately to the same dependence of overpressure pm 
on distance R from the explosion as that given by Equation 1. The principal 
periods in the acoustic signal are from about one half second to several min- 
utes. 

The wind speeds at altitudes between 10 and 30 km strongly affect the 
acoustic-signal overpressure. Since wind speeds vary randomly with time, 
the coefficient in Equation 1 also varies randomly with time. If p, is meas- 
ured in dynes/sq cm, Y in kilotons, and R in thousands of kilometers, then 
the average value of C is about seven, and C is less than two about 10 per 
cent of the time. In winter and summer, when the winds are predominantly 
in one direction, the average downwind signal overpressure is about twice 
the upwind overpressure. 

Since background acoustic noise is rarely greater than 5 dynes/sq cm, 
a one-kiloton explosion can with high probability be detected up to dis- 
tances of about 1400 km.‘ To locate an acoustic source, at least three sig- 
nals at widely separated points must be detected. Source location is possible 
only to within a radius of about 100 km from the source. 

Since chemical explosions and some natural events generate distant sig- 

* One kiloton (KT) equals 4.18X10"* ergs. 


4 The detection capability of a network of acoustic detectors can be determined by 
the method described in the section on underground detection. 
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nals similar to nuclear explosions, identification of a nuclear explosion is not 
possible by acoustic signals alone. Natural volcanic and meteoritic explo- 
sions similar to nuclear events occur about 100 times each year. 


DETECTION OF ELECTROMAGNETIC SIGNALS 


A nuclear explosion in air generates a strong electromagnetic signal. 
Several processes contribute to the generation of this signal. Probably the 
most important processes result from Compton-recoil electrons which have 
been scattered by explosion y rays [Christy & Gell-Mann (2), Kompa- 
neets (3)]. 


The Compton-electron current at a distance R from an explosion is 
eL, euR 

J~——*N 

T 4rR? 


~0 , otherwise, 
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where JN is the total number of y rays from the nuclear explosion, 7 is the 
duration of the y-ray pulse, u is the air absorption coefficient for y rays, and 
L is the range of the Compton electrons. Each Compton electron ionizes the 
air, producing a large number of ion pairs (b~3 X10‘ for y-ray energies of 
about 2 Mev). The electrons from these pairs attach to O2 to form Os ata 
rate a, where a is about 108/sec. In equilibrium the density of free electrons is 


pu eur 
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The electronic conductivity o of the ionized air is 
c= t.(ne*/2m) 4. 
where f,, the time between collisions, is about 3X 10— sec. 
The electric field produced by the Compton current and the back cur- 
rent of ionization electrons is determined by 





—(0E/dt) = 4rcE + 4rJ 5. 
neglecting magnetic effects. When r>1/47¢, 
2maL 
(ine _ ~3v/cm 6. 
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This voltage is generated over the entire region around the explosion for 
which r>1/47c. For a one-kiloton explosion this region extends out to a 
radius of about 600 m. Within this region it is found that c7E+ J~0 and the 
net radiating current is zero. Outside, cE <J and the net radiating current is 
approximately J. 

The electric field radiated to large distances is determined from J by 


1 @ R 
pa 1S healne~ 2) , 
aR oO drJ{ r,t - 7 


If J is spherically symmetric, there is no radiated field. In general, asym- 
metries are present—the y-ray emission from the nuclear device, the varia- 
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tion of atmospheric density, and the density discontinuity at the air-ground 
interface being the principal asymmetries. In the case of a surface explosion 
for which the y rays are emitted uniformly into one hemisphere, approxi- 
mate evaluation of Equation 7 gives for the maximum field strength at Rkm 
from the explosion 


E = Ee, ~ 10*/R v/m 8. 


In this estimate of E the radiation resulting from the disappearance of the 
dipole moment formed by the negative oxygen ions and the positive ions 
created by the y rays has been omitted. The intensity of this radiation is 
comparable to the direct Compton-recoil radiation but is of lower frequency, 
being determined by ionic mobility. 

Because of the presence of the earth’s ionosphere, the electromagnetic 
field propagates to great distances dispersively with cylindrical divergence. 
Empirically, it is found that as a result of propagation effects, the maximum 
electric field at distances greater than about 1000 km from kiloton explosions 
is approximately 

E ~ 103/R v/m 9. 


in the frequency range 10 to 100 kc/sec. 

In the case of an explosion at altitudes above about one kilometer, the 
asymmetry in J produced by the ground is no longer present. The remaining 
asymmetries are less than the ground asymmetry and, consequently, the 
radiated signal is expected to have a reduced amplitude. Above a few kilom- 
eters the asymmetry caused by the variation in atmospheric density is ex- 
pected to become increasingly important and the signal magnitude is ex- 
pected to increase. This variation of signal strength with altitude has been 
observed experimentally. 

The radius of the region over which the net radiating current cE+ J is 
approximately zero depends very insensitively on the explosion yield in 
view of the exponential absorption of the y rays by the air. Outside this 
region the current itself also depends only slightly on yield. The net result is 
that the distant radiated signal is expected to vary slowly with yield. Careful 
analysis suggests that the distant signal varies as the logarithm of the yield. 
Experimental observations are consistent with this conclusion. 

The electromagnetic signal can under ordinary circumstances be de- 
tected at distances of many thousands of kilometers. However, there are 
two important limitations of this method of detection. First, there is an in- 
tense background of electromagnetic signals from natural lightning (about 
2000/sec throughout the world). Explosion signals detected near the source 
can be distinguished from lightning signals by their wave forms, but for 
detection distances greater than about 1000 km from the source the wave 
form becomes more a function of the propagation path and less a property 
of the source. Thus identification becomes unfeasible. Second, it is possible 
to suppress the electromagnetic signal by surrounding the device with ma- 
terial to absorb the explosion y rays and neutrons. Experimentally, it has 
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been observed that several hundred grams per sq cm of absorbing material 
around the device can reduce the electromagnetic signal by about an order 
of magnitude. Also, it has been observed that the electromagnetic signal 
from an explosion carried out at about 20 m below the ground surface was not 
detectable even at very close distances. 


DETECTION OF RADIOACTIVE DEBRIS 


While acoustic and radio signals provide a sensitive means of detecting 
nuclear explosions, similar signals are generated by natural events. Only 
the collection of radioactive debris constitutes positive identification of 
nuclear explosions. 

A kiloton fission explosion produces about 1.5 X10” fissions. Radio- 
chemical techniques can identify the radioactive fission fragments from 
fewer than 108 fissions. If a sample of radioactive fragments from 10" fis- 
sions is examined radiochemically, the age of the sample can be determined. 

The amount of radioactive debris produced by an explosion which can 
travel great distances in the atmosphere depends upon the height of the 
burst point. A low-yield explosion which takes place near the bottom of the 
troposphere, but whose fire ball does not touch the ground, will leave most 
of its fission products as very small particles suspended in the troposphere. 
If the explosion is carried out on the ground, about 20 per cent or so of the 
fission products are in the form of particles which are too small to settle out 
onto the ground in less than a day. 

Shortly after the explosion, the fission products which remain in the 
troposphere are confined to a relatively small volume of air. With time, the 
volume of air containing the fission products increases because of tropo- 
spheric winds; and, depending upon the wind patterns, it moves to great 
distances. In some wind fields it is possible for the volume of air containing 
the radioactive fission products to increase from its initial small volume to 
a volume as large as 10° cu km by the time the debris has moved a few 
hundred kilometers. If initially there were, for example, about 10” fission 
fragments left suspended in the troposphere, then a volume of 10° cu km 
would contain a density of about 107 fission fragments/cu m. Nominally, the 
concentration of fission fragments at ground level is at least 1 per cent of the 
average concentration. Since it takes a day or so for such a large volume of air 
to cross any particular point on the ground, a filter which could filter up to 
10° cu m/hr of air would be able to collect sufficient fission fragments for 
identification. It is possible that the volume of air containing the fission frag- 
ments remains sufficiently small to miss all ground filter stations in one 
hemisphere even with station separations of as little as 1000 km. To avoid 
this possibility, aircraft carrying suitable filters can be used to sample the 
air which might contain fission activity missed by ground filters. 

For low-yield explosions in the upper troposphere, the fission fragments 
may rise into the stratosphere. For these explosions, and for explosions in 
the stratosphere, insufficient debris may reach the ground to permit identifi- 
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cation. Aircraft carrying filters can then be used to collect debris. The air- 
craft may either fly regular search paths or be dispatched upon the detection 
of unidentified acoustic or radio signals. In many cases the trajectory of the 
air carrying the radioactivity can be backtracked. In such cases if the radio- 
active debris can also be dated, the approximate location of the explosion 
can be determined. 


DETECTION OF UNDERWATER EXPLOSIONS 


An underwater explosion generates a strong hydroacoustic signal. The 
signal consists of a series of pressure spikes which become progressively 
smaller and closer together with time. Willis (4) has shown that these spikes 
are generated by radial pulsations of the gas bubble formed by the explosion. 
The combustion products in the case of a chemical explosion and the vapo- 
rized water in the case of a nuclear explosion expand, converting their 
internal energy into kinetic energy of the water. Because of the inertia of the 
water, the expansion does not stop at that volume for which the pressure in 
the bubble equals the hydrostatic pressure, but rather overshoots its equi- 
librium position. The hydrostatic pressure decelerates the bubble and re- 
compresses it, again overshooting. This process continues until the explosion 
energy is lost by radiation or dissipation. 

The hydroacoustic signals so generated are transmitted to great distances 
in the SOFAR channel [Ewing & Worzel (5)], a low-velocity wave guide in 
the deep ocean. Detection of these signals appears possible at great dis- 
tances. However, no precise estimate of sensitivity is available. The hydro- 
acoustic wave can itself generate a seismic signal at the water-earth interface. 
This seismic signal is larger than the signal from an underground explosion 
of the same yield. Seismic detection methods thus apply to underwater as 
well as underground explosions. For explosions in inland bodies of water, 
only the seismic methods are useful for detection at great distances. 


UNDERGROUND NUCLEAR EXPLOSIONS 


The only signals known to propagate to great distances from under- 
ground nuclear explosions are seismic signals. Ideally, detection and identi- 
fication of underground nuclear explosions would be based entirely on these 
signals. Unfortunately, seismic signals from underground nuclear explosions 
are similar to those from some earthquakes, and therefore explosions cannot 
be distinguished from earthquakes by seismic signals alone. For this reason 
seismic signals can only serve to identify some earthquakes as earthquakes 
without, it is hoped, misidentifying explosions as earthquakes. For unidenti- 
fied events, inspection at the site is required to determine cause. 

The problem of detection is further complicated because deliberate modi- 
fication of the explosion environment can reduce the strength of the seismic 
signal by a large factor or alter the explosion signal so that it will be misiden- 
tified as an earthquake signal. Consequently, underground detection is 
forced to a limited scope: to detect and identify earthquakes and to detect 
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explosions carried out under special conditions. Evaluating underground 
detection even within this limited scope is difficult and uncertain because 
data are incomplete on many aspects of the problem. 


GENERATION OF SEISMIC SIGNALS 


The sudden release of energy from an underground nuclear explosion 
creates in microsecond times a small spherical ‘‘cavity’’ (a few meters in 
radius for kiloton explosions) containing vaporized materials from the 
ambient medium and from the nuclear device itself. The temperature and 
pressure of this vapor as well as its subsequent history depend upon the 
amount of energy released and the equation of state of the vapor. The crea- 
tion of a high pressure in the neighborhood of the explosion sends a shock 
into the surrounding medium. As the shock propagates outward, the central 
cavity grows in volume and the vaporized materials expand adiabatically 
and lower in temperature, and the cavity pressure decreases. 

As the pressure decreases, the cavity growth is inhibited by the tectonic 
stresses in the medium. The nature of these stresses depends upon the geo- 
logical history of the medium and therefore varies from one region to another. 
In many regions the stresses result simply from the weight of the material 
above the explosion cavity (the overburden) and, for these regions, the pres- 
sure resisting the cavity growth increases linearly with the depth of the ex- 
plosion. 

When ambient stresses balance the pressure in the cavity, the cavity 
growth stops. Actually the cavity may overshoot its equilibrium position 
slightly because of residual kinetic energy in the surrounding medium which 
must radiate away or dissipate before static equilibrium is reached. In media 
for which tectonic stresses result only from the overburden, the final cavity 
pressure is expected to exceed the overburden pressure by an amount which 
depends upon the equation of state of the vapor and the physical properties 
of the medium. In a liquid, for example, the final cavity pressure is equal 
to the overburden pressure, and therefore the cavity size is determined en- 
tirely by the equation of state of the vapor. For an ideal elastic medium the 
cavity pressure can be arbitrarily large, and the cavity size is determined 
both by the elastic constants of the medium and the equation of state of the 
vapor. In the case of the Rainier explosion [Johnson, Higgins & Violet (6)] 
which took place in a tuff medium, there is evidence that the final pressure 
was approximately equal to the overburden, suggesting that the tuff medium 
behaved somewhat like a liquid in the immediate neighborhood of the explo- 
sion. 

In view of the dependence of the final cavity size on the equation of state 
of the vaporized materials, it is clear that nuclear explosions will behave dif- 
ferently from chemical explosions. Moreover, the dependence of cavity size 
on medium and tectonic stress indicates that these factors also affect the 


5 Tuff is a silicon dioxide rock formed from volcanic ash. The Rainier tuff was 
saturated with water. 
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generation of seismic waves from explosions. Experiments are required to 
determine the quantitative dependence. 

Within the cavity the pressure is initially considerably greater than the 
elastic limit of the medium. As the shock wave propagates outward, the 
pressure is at first so great that the medium behaves hydrodynamically. 
After a while, the shock strength decays and the medium begins to behave 
plastically. Finally, when the shock pressure falls below the elastic limit of 
the medium, the shock wave becomes a simple elastic wave. The quantita- 
tive treatment of the nonelastic phases of the motion involves complicated 
and incompletely understood behavior of the medium. As a result it has not 
been possible to make reliable theoretical predictions of the signals gener- 
ated. It has, however, been possible, without detailed knowledge of the non- 
elastic motion of the medium, to determine the dependence of the amplitude 
of the elastic wave (and hence the seismic signal) on the energy released by 
the explosion [Latter, Martinelli & Teller (7)]. 

To determine this relationship, it may be assumed for simplicity that the 
explosion occurs in an infinite homogeneous medium. The effect of inhomo- 
geneities can be shown to be small. Let ro be the radius at which the shock 
wave becomes elastic and p(t, ro) the pressure history at ro. A straightforward 
solution of the elasticity equations [Jeffreys (8), Blake (8a)] gives for the dis- 
placement z(t, r) of the medium at r>ro 


1 eo 
a(t, 7) = 5 f deve" (x, 1) 10. 


where 
1 e-t@/e) (7-19) 


g (, r) = Pw, Orn - = rp o = : X+ 2 11. 
1+3= ~*(2 ) 
wo Wo 


and #(w, ro) is the Fourier transform of p(t, ro). The alle d\ and yw are the 
Lamé constants, and wo=c/ro is the natural elastic frequency of the region 
r<1ro. 

It is known that high-frequency waves are rapidly attenuated in the 
earth and cannot propagate to great distances. In those cases for which the 
unattenuated frequencies w are much smaller than wo, Equation 11 gives 
for the wave zone 





&(w, 7) ~ p(w, ro) ro? = 12. 


From observation on the Rainier explosion it appears that so far as the low 
frequencies are concerned [Perret (9)], p(t, ro) is essentially a step-function,*® 
so that 

Pw, 70.) = po/iw 13. 


6 The essential part of this argument is the assumption of a step function pressure. 
There are no data on nuclear explosions in media other than tuff to confirm the gen- 
eral validity of this assumption. 
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where #» is the shock pressure below which the medium behaves elastically 
and therefore a property only of the medium, independent of the energy re- 
lease of the explosion. From Equations 12 and 13 it follows that 


8(@, r) ~ ro 14. 


where only quantities dependent on the energy have been retained. Note 
that 2 is independent of frequency for low frequencies. 

It is plausible to assume that the equations of motion for the region 
around the explosion are based on some combination of hydrodynamics, 
elasticity, and plasticity. In this case the equations for a point-source explo- 
sion do not involve a fundamental length or time; and therefore, as is well 
known, all lengths scale like the cube root of the energy. With this scaling 
law it follows from Equation 14 that the amplitude of the elastic wave scales 
linearly with the energy of the explosion. 

This result depends upon the requirement that only frequencies small 
compared to we are unabsorbed during propagation. For low-yield explo- 
sions, Wo is large and the result valid. For high-yield explosions, however, 
frequencies of the order of wo and greater do propagate to great distances. In 
this case the scaling law is changed. When only frequencies w>wo are ab- 
sorbed, the amplitude of the elastic wave is given directly by substituting 
Equations 11 and 13 into Equation 10. A straightforward evaluation gives 


z(t, r) ~ re? 15. 


and the amplitude scales as the two-thirds power of the energy release.’ 
Figure 1 shows the comparison of the theoretical and experimental results 
for the Nevada underground nuclear explosions. 

A further consequence of the assumed similarity of the motion in the 
region r<ro is that the cavity volume produced by the explosion scales 
linearly with the energy release. This result combined with the scaling law 
for the amplitude of the elastic wave implies that, for a given explosion 
environment, the seismic signal from a low-yield explosion is directly pro- 
portional to the cavity volume and for a high-yield, proportional to the two- 
thirds power of the volume. 

So far as the generation of seismic signals from natural earthquakes is 
concerned, neither the mechanism for triggering an earthquake nor the 
detailed mechanism by which energy is released is adequately understood. 
Qualitatively, however, earthquakes are generated by a spontaneous release 
of stored tectonic energy. The release usually takes the form of a rapid dis- 
placement of the region on one side of a plane—the so-called fault plane— 
relative to the region on the other side. This type of motion is equivalent in 


7 For some components of the distant seismic signal, the amplitude of the signal 
is not simply proportional to the amplitude of the ground displacement in the neigh- 
borhood of the source. For example, the headwave which propagates along the 
Mohorovicic discontinuity is proportional to the integral of the displacement. In this 
case, obvious changes in the scaling laws are required. 
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Fic. 1. Yield-amplitude relation from Rainier-Hardtack data. 
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the case of an ideal elastic medium to a quadrupole source—as contrasted 
to the monopole behavior of an explosion. 

Analyses of the faulting motions of earthquakes have shown that in 
restricted geographical regions the direction of the earth motion generating 
earthquakes is approximately constant and is correlated with tectonics. The 
dip (angle with the horizontal) of the earthquake fault plane is, however, 
essentially random. From region to region the direction of earth motion 
varies as the local tectonics change, so that over sufficiently large regions the 
direction of earth motion is essentially random. In large seismic regions 
there is a tendency for earthquakes to be predominantly either strike-slip 
(vertical or oblique fault plane and horizontal displacement) or dip-slip 
(oblique fault plane and displacement perpendicular to a horizontal line). 
For almost all important seismic regions of the world, strike-slip faulting 
predominates. About 75 per cent of the world’s shallow earthquakes are 
strike-slip [Scheidegger (10)]. 

Earthquakes may also be generated by nonfaulting earth motions. A vol- 
canic eruption produces an earthquake similar to an explosion. An upward or 
downward thrust of a large tectonic block will produce an earthquake 
whose seismic signal is cylindrically symmetric. Such earthquakes are ob- 
served, but are relatively rare. 


PROPAGATION OF SEISMIC SIGNALS 


In an infinite homogeneous medium, the seismic wave generated by an 
explosion is a pure compressional wave (P wave) radiating outwardly [(11), 
Richter (12)]. In a finite homogeneous earth, the presence of a free surface 
leads to partial conversion of the P wave into a shear wave polarized per- 
pendicular to the surface (SV wave) and to a surface shear wave (Rayleigh 
wave) vibrating in a plane perpendicular to the surface. An earthquake in a 
finite homogeneous earth produces not only P, SV, and Rayleigh waves 
but also horizontally polarized shear waves (SH waves) and horizontally 
polarized surface shear waves (Love waves). 

If the earth were homogeneous, it would accordingly be possible to dis- 
criminate an explosion from a natural earthquake by the absence of SH 
waves and Love waves. However, the real earth is heterogeneous, and some 
types of heterogeneities can lead to mode conversion of P and SV waves into 
SH and Love waves. For example, a velocity discontinuity at an oblique 
angle to the radial direction from the explosion and to the earth’s surface will 
partially convert SV or P waves into SH waves which by reflection at the 
surface can generate Love waves. The occurrence of SH waves and Love 
waves from nuclear explosions has been verified experimentally (11). 

There is, however, a question of the relative efficiency with which earth- 
quakes and explosions generate SH waves and Love waves. The only data 
bearing on this question suggest that Love and SH waves may be generated 
more efficiently by some earthquakes. Considerably more experimental data 
are needed to substantiate this preliminary result. 
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At large distances from the source, seismic signals consist of three dis- 
tinct waves arriving at different times. The first arrival is the P wave, which 
has the greatest velocity, followed by the S wave and finally by the surface 
waves. While the surface waves radiate from the source and propagate on the 
surface, diverging essentially cylindrically, the P and S waves follow com- 
plicated paths determined by the variation of elastic velocity in the earth’s 
interior. Very crudely, the P and S waves follow paths which, for shallow 
sources and great distances, pass steeply through the earth’s crust, are re- 
fracted at the Mohorovicic discontinuity (about 30 to 60 km depth), follow 
the discontinuity (head wave) or refract slowly in the earth’s mantle, and 
finally return again to the earth’s surface steeply through the crust. If the 
earth were homogeneous, the successive P-, S-, and surface-wave trains 
would be short, corresponding to the short signal generation time (modified, 
of course, by absorption of high frequencies). Actually the earth’s crust is 
extensively layered with regions of varying elastic velocities. A seismic signal 
is reflected and refracted many times by these layers; and the resultant dis- 
tant signal, having a total duration up to minutes, is a superposition of many 
waves. In view of this complicated propagation, the properties of the distant 
seismic signals tend to be determined more by the nature of the earth than by 
the characteristics of the source. 

The only property of the source which is known to propagate to great 
distances is the direction of the initial source motion. For explosions, the 
initial earth motion is expected to be outward from the source (compressive) 
in all directions. Earthquakes produced by faulting motion, however, are 
expected to exhibit compressive motions in some directions and rarefactive 
(inward) motions in others. The distribution of compressive and rarefactive 
initial motions depends upon the orientation of the earthquake fault plane 
and the direction of earth displacement. 

Those relatively rare earthquakes which are generated by block motions 
can produce outward or inward motions in all directions. The occurrence of 
rarefactive initial motions can therefore serve to distinguish some earth- 
quakes from explosions. But the existence of ‘‘explosive’’ type earthquakes 
makes positive identification of explosions impossible. 

The initial earth motion radiates from the source in the P-wave portion 
of the seismic wave. Although inhomogeneities and absorption along the 
propagation path tend to distort the initial P-wave motion, in general the 
first-arrival P wave can be shown to correspond to the initial source motion. 
It is possible to construct inhomogeneities which can invert the initial direc- 
tion of the P wave, but the existence of such inhomogeneities is a matter of 
conjecture. For strike-slip faulting, rarefactions and compressions of the P- 
wave first motion occur over equal areas of the earth’s surface. For dip-slip 
faulting with dip angles near 45° it is possible for all P-wave signals beyond 
about 2000 km to show the same first motion (all compressions for ‘‘thrust” 
faulting, all rarefactions for ‘‘normal” faulting). P-wave signals within about 
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1000 km from dip-slip faults will more nearly conform to equal areas for com- 
pressions and rarefactions characteristic of strike-slip faulting. 

The initial source motion is also contained in the surface-wave portion 
of the seismic signal. Mode conversion of the P wave at the surface directly 
above the source generates a Rayleigh wave whose initial motion is deter- 
mined by the initial motion of the P wave. Propagation of the surface waves, 
however, is highly dispersive and, consequently, the direction of initial mo- 
tion is obscured at great distances. In principle, if the transfer function of 
the propagation path is known, the source motion can be deduced by apply- 
ing the inverse of the transfer function to the distant signal. This procedure, 
known as phase equilization, has proved practical and has had some success 
recently, but results are still preliminary [Aki (13)]. 


MICROSEISMIC NOISE 


In the previous section it was pointed out that the most reliable method 
for identifying earthquakes is based on the sign of the first P-wave motion. 
The sign of this motion must be observed in the presence of background 
noise at detection stations. Noise may be characterized by a probability that 
the peak amplitude of the noise over a specified interval of time is less than 
a given amplitude. The nature and probability distribution of microseismic 
noise vary from region to region and with the time of year. The variations 
can be as much as ten or more. As an illustrative example, Figure 2 shows a 
typical noise distribution for a rather quiet site. 


EXPERIMENTAL DATA ON EXPLOSION AND EARTHQUAKE SIGNALS 


The amplitude of first motion from explosions appears in general smaller 
than the peak P-wave amplitude, and therefore some signals which are 
clearly detected by the signal peak will have their first motions submerged 
in the noise. To avoid misidentifying as first motion the first portion of the 
signal which happens to exceed the noise, a criterion for recognizing genuine 
first motion must be made in terms of the ratio of the peak amplitude of the 
P-wave signal to that of the noise. The stipulated ratio must be large enough 
to guarantee that the actual first motion is readable above the noise. 

The principal data for exploring the P-wave signal from explosions are 
the seismic measurements obtained from the Rainier shot and the HARD- 
TACK II series. Actually, only the data from the Blanca (19 kilotons) and 
Logan (5 kilotons) explosions are sufficiently complete for analysis, and 
these explosions have several possibly vital limitations. They were both 
conducted in the same environment, at the same depth below the surface, 
and under the same geological conditions. It is not known whether these 
explosions are characteristic of unconcealed underground explosions or 
whether they generate an atypical signal which will be different for explo- 
sions under other conditions. Nonetheless, they provide the only available 
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Fic. 3. Peak and first-motion amplitudes versus distance for one kiloton explosion. 
Solid curve refers to peak amplitude. Dashed curve refers to first-motion amplitude. 
Amplitude data from Blanca and Logan were divided by their yields to the two- 
thirds power in order to scale to one kiloton. The first-motion amplitude for Blanca 
at 3717 km is uncertain due to low signal-to-noise ratio. 
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extensive data on which to base detection capability. Quantitative data re- 
ported by Romney on the first motion and peak amplitude of the P-wave 
signal from these nuclear explosions are summarized in Figure 3 [Rom- 
ney (14)]. 

For analyzing these data it has been convenient to define distance zones 
as follows: the near zone, 0 to 1100 km from the epicenter; the shadow zone, 
1100 to 2500 km; and the far zone, 2500 to 3500 km. The basis for this defini- 
tion is the conjecture that in the near and far zones, seismic signals are char- 
acterized by having a clear onset time, while in the shadow zone the signals 
grow only slowly out of the noise. It is not possible on the basis of the Blanca 
and Logan data to verify this conjecture, but there is some indication that 
the seismic signals from these shots do have this general behavior in the 
near and shadow zones. Moreover, there is some evidence that the predomi- 
nant periods of the shadow-zone signals from Blanca and Logan are longer 
than those in the near and far zones. 

While the Blanca and Logan data define rather accurately the variation 
of the peak P-wave amplitude as a function of distance in the near zone, 
there are only three readable records in the far zone. These records are in- 
sufficient to determine the far-zone amplitude-distance curve for the peak 
P-wave motion. Romney has suggested the far-zone amplitude-distance 
relation which is shown in Figure 3. 

First motion for the Logan and Blanca explosions was clearly recorded 
only in the near zone. In the shadow zone, because of the somewhat indefinite 
onset of the signal, first motion was indefinite. Beyond 2500 km the signal- 
to-noise ratio for the experimental measurements was so small that first mo- 
tion was unreadable except for a station at 3717 km where a compressive 
first motion may have been observed. Some question arises, therefore, as to 
the possibility of far-zone detection of first motion. 

In trying to distinguish between earthquakes and nuclear explosions, it 
is necessary also to know the properties of earthquake signals. Good data on 
peak- and first-motion amplitudes of earthquake signals as a function of dis- 
tance are at present not available. Richter has made a statistical study of 
earthquake peak amplitudes as a function of distance, shown in Figure 4 
[Richter (12)]. However, in the near zone his analysis treated the peak am- 
plitude of the earthquake signal in the entire wave train rather than just 
in the P wave as was done for explosions; moreover, the peak amplitude was 
measured on the standard Wood-Anderson torsion seismograph® rather than 
on the Benioff seismograph used for recording the explosion signals. While 
the variation of peak amplitude with epicentral distance which he deduces is 
in reasonable agreement with that obtained from P-wave analysis on the 
nuclear explosions, it is not known whether this agreement is more than ac- 


8 The Wood-Anderson seismograph has a broad-band frequency response, while 
the Benioff has a narrow response, peaked in the neighborhood of two cycles per 
second. 








386 LATTER, HERBST AND WATSON 


1000 


8 

















3 














Peak amplitude of P-wave (in millimicrons) 




















0.1 
i) 1000 2000 3000 4000 5000 


Distance (km) 


Fic. 4. Peak amplitude (scaled to 1 KT) versus distance based 
on Gutenberg and Richter earthquake data. 


cidental in view of the differences in the measurement technique. In the far 
zone an analysis by Gutenberg applies to large earthquakes, of magnitude 
greater than 6, as shown in Figure 4 [Richter (12)]. At present there are no 
experimental data on which to base an extrapolation of Gutenberg’s far- 
zone amplitude-distance relationship to low magnitudes. However, in esti- 
mating detection capability it is necessary to assume a peak amplitude-dis- 
tance relationship for earthquakes. Quite arbitrarily this has been taken in 
the past to be the same as for explosions. This is consistent within a factor 
of two or three with an extrapolation of Gutenberg’s P-wave amplitude- 
distance curve for large magnitude earthquakes down to low magnitudes. It 
should be pointed out that Romney’s limits of 2500 to 3500 km for the far 
zone were dictated primarily by the requirements of first-motion observa- 
tion; it is probable that the Gutenberg limits, about 1800 to 5000 km, are 
more reasonable for the detection problem which is primarily concerned 
with the peak signal. The data are not sufficient at the present time to decide 
between the Romney and Gutenberg amplitude-distance curves though it is 
clear that all detected signals, not just those in the near and far zones, are 
useful for detection and epicentral location. 

So far as the first motion from earthquakes is concerned, the only anal- 
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ysis to date consists of studies on the use of the sign of the first motion to 
determine the nature of the faulting sources. The ratio of P-wave amplitude 
to the first-motion amplitude has not been studied. In the past, it has been 
arbitrarily assumed that the ratio of earthquake first motion to peak P-wave 
motion is no smaller than for explosions. 


A METHOD FOR ESTIMATING DETECTION AND IDENTIFICATION CAPABILITY 


A simplified but quite accurate method for estimating the capability for 
detection and identification of a network of seismic stations was developed 
at the 1958 Geneva Conference of Experts [Latter (15)]. This method is 
essentially statistical and depends on considering the recording of seismic 
events by a large number of stations as independent and random events. 
If out of a large number N of stations in a network, a number n of them 
records signals, then the number of recorded signals is 


N 
n=)>).% 16. 
i=l 
where the sum extends over all the stations and x; assumes the value 1 if 
the ith station records and 0 if it does not. In the present context, ‘‘signal”’ 
refers either to first motion or to peak amplitude depending upon whether 
identification or detection is being considered. 

If x; has the value 1 with a probability g; and has the value 0 with a 
probability 1—g; and if the x,;’s are independent and random, then, by the 
central limit theorem, the probability p(m) that m stations record signals is 
given by 


1 
p(n) = Vin ™P [(n—1n)?/(20)] 17. 
where 
n= y qi 18. 
and 
o = Diat= X qi(1 — qi) 19. 


Here nis the expected number of stations which record signals and @ is the 
standard deviation of n. 

The expected number n of stations recording signals may be estimated 
by approximating the sum of the q;’s over the discrete set of stations by an 
integral, 


n= Dq~2n f p(R)q(R)R4R 20. 


where p(R) is the density of stations in the net at the distance R from an 
epicenter, and g(R) is the probability that at R the signal-to-noise ratio 
meets the criterion for recording a signal. This clearly depends upon the 
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amplitude-distance relation and upon the assumed noise distribution at the 
station. In a similar fashion, the variance is approximated by 


wuwiis f o(R)q(R)[1 — 9(R)]RaR 21. 


Since the likelihood that an explosion can produce a false rarefactive 
first motion is unknown, earthquake identification is based on the probability 
of finding a specified minimum number of rarefactive first motions among 
those recorded. An approximate expression for the probability of finding at 
least r rarefactive first motions out of a total of m recorded first motions 
may be derived by assuming the a priori probability that a station is in a 
rarefactive region is one-half. (This assumption leads to negligible error.) 
The expression is 

“i ig n! 
b(n) @ 1 oni’ n>r 
= 0, n<r 22. 


? 


The average earthquake identification probability P, may be determined by 
summing the above expression weighted by p(n), the probability that n 
stations record first motion. That is, 


N ~ 
P, = D0 p(n) p(n) 23. 


The sum may be evaluated approximately by assuming o small compared 
to n. Since the important contribution to the sum comes from values of n 
near n, the average earthquake identification probability P, is approximately 
given by 

: = n! 


P, = p(n) =1— me mahi 24. 


In the special case that only near-zone recording of first motion is as- 
sumed, the above analysis can be carried out simply and explicitly. Letting 
R:i(=1100 km) denote the limiting radius of the near-zone contribution, the 
expression for n is 


R 
n= Sep f ‘g(R)RAR 25. 
0 


where the density of stations, p, is assumed constant. Since the amplitude 
of the P-wave signal in the near zone varies approximately as 1/R°, n may 
be written 

n = #Ri%pH(A) 26. 


where 7R,’p is the total number of stations in the near zone and 


H(A) = = aN f.@ = 27. 


5/3 
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The amplitude of the signal at R,, A, is given by 
4.2 X 10°FGY?/8 








A= a ,  Y¥> JKT, 28. 
4.2 X 10°FGY 
A= - : » V<1kT 29. 
1 


where the seismic amplitude has been assumed to scale linearly with equiva- 
lent explosion yield® below 1 KT and as the two-thirds power, above (see 
Fig. 1). The inverse of F is the required peak signal-to-noise ratio for record- 
ing a signal; and G is the noise reduction factor achievable, for example, by 
an array of seismographs. Figure 5 shows H(A), evaluated using the noise 
distribution of Figure 2. 

In a similar fashion, the standard deviation o of the expected number n 
may be written 


o = (rR,%p)'/2S(A) 30. 
where 
2 ” dx 
sa) = J 42" f “galt - ae) SI 31. 


with the previous definition of A. Figure 6 shows S(A), also evaluated using 
the noise distribution of Figure 2, 

The density of stations depends on the geometry of the net. In particular, 
for a triangular grid of spacing s, the density of stations is given by 


p = (2+/3)/(3s) 32. 
With this expression for the density, n and o are given by 

n = 3.6H(A)(R:?/s*) 33. 
and 

o = 1.9S(A)(R:/s) 34. 


Detection and location capability may be evaluated by examining n as 
a function of yield. For location, P-wave recording at four stations is neces- 
sary, so that n2 4,10 

Based on these results, near-zone detection and identification capability 
are shown in Figures 7 to 11 where the criterion on peak signal-to-noise 
ratio was taken as three to one for detection and as ten to one for identifi- 
cation; and for identification two rarefactions were required. 


® The “equivalent explosion yield”’ of an earthquake is defined as that yield nuclear 
explosion carried out under Rainier conditions which produces a signal of the same 
magnitude as the earthquake. 

10 Three recordings are adequate provided the two antipodal epicentral locations 
determined by only three recordings can be distinguished, for example, by recording 
two components of the signal with different velocities simultaneously at one or more 
stations. 
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Fic. 5. H(A) versus A for noise distribution of Fig. 2. 
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Fic. 6. S(A) versus A for noise distribution of Fig. 2. 

















DETECTION OF NUCLEAR EXPLOSIONS 


Grid spacing-200 km 


Expected number of detecting stations 


| 
0.00! 0.01 0.1 1 10 100 
Y(KT) 


Fic. 7. Expected number of stations detecting P-wave motion as a function of 
equivalent explosion yield for triangular grids of indicated grid spacing. Noise distri- 
bution of Fig. 2. F=0.33, G=2.5. 
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Fic, 8. Standard deviation of expected number of stations detecting P-wave 
motion as a function of equivalent explosion yield for triangular grids of indicated 
grid spacing. Noise distribution of Fig. 2. F=0.33, G=2.5. 
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Fic. 9. Expected number of stations identifying first motion as a function of 
equivalent explosion yield for triangular grids of indicated grid spacing. Noise dis- 
tribution of Fig. 2. F=0.1, G=2.5. 
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Fic. 10. Standard deviation of expected number of stations identifying first motion 
as a function of equivalent explosion yield for triangular grids of indicated grid spac- 
ing. Noise distribution of Fig. 2. F=0.1, G=2.5. 
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Fic. 11. Earthquake identification probability as a function of equivalent explo- 
sion yield for triangular grids of indicated grid spacing. Noise distribution of Fig. 2. 
F=0.1, G=2.5. Two rarefactions. 


FREQUENCY AND DISTRIBUTION OF EARTHQUAKES 


In order to relate the capability of a system to the number of earthquakes 
which can be identified, it is necessary to determine the seismicity distribu- 
tion throughout the world. Only shallow continental earthquakes need be 
considered. Shallow continental earthquakes have been defined as those oc- 
curring on or near land (that is, on continents or on islands, but not in inland 
seas) and having hypocentral depth less than about 60 km. Deeper earth- 
quakes can be identified by their seismic signals. 

Seismicity estimates are based on information from Gutenberg & Richter 
(16). These authors provide an extensive tabulation of large earthquakes 
(magnitude M>6) from which it is possible to infer the frequency and geo- 
graphic distribution of these earthquakes throughout the world. Some data 
on the frequency of both small and large magnitude earthquakes occurring 
in limited geographical regions are also reported in this reference. These lat- 
ter data apply to the annual number of earthquakes in Southern California 
and in New Zealand, and are plotted in Figure 12. 

Such limited data are clearly inadequate in themselves to determine the 
seismicity of all regions of the world. However, an important empirical ob- 
servation provides the basis for extrapolating the known data to any region. 
It is observed from Figure 12 that both for Southern California and for 
New Zealand, the variation of earthquake frequency as a function of mag- 
nitude is the same—namely, the number of earthquakes per year above a 
given magnitude increases by a factor of eight for each unit decrease in mag- 
nitude. It is assumed that this relationship between earthquake frequency 
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Fic. 12, Seismicity data for small magnitude earthquakes based on local studies. 
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and magnitude holds for all areas of the world. Consequently, using the data 
from Gutenberg & Richter on the world-wide distribution of large-magnitude 
earthquakes, and applying the assumed relationship, the frequency distri- 
bution of earthquakes of lower magnitude for all regions may be deduced. 

There is, however, a difficulty in employing this procedure. Gutenberg & 
Richter give earthquake magnitudes in terms of the magnitude scale M, 
which is based on observations of teleseismic surface waves [Richter (12)]. 
Studies of local geographic regions generally determine earthquake magni- 
tudes in terms of the local magnitude Mz [Richter (12)], based on the maxi- 
mum amplitude in the entire seismic wave train as observed on a Wood- 
Anderson seismograph. It is therefore necessary to relate M and M,. This 
can be done by expressing all magnitudes in terms of a third scale, the m 
scale which is based on P-wave observations [Richter (12)]. This is con- 
venient also because explosion magnitudes have been determined experi- 
mentally on this m scale; namely, m~3.9+3 logio Y (kilotons) for Y>1 
kiloton, m~3.9+logio Y (kiloton), YS1 kiloton [Geneva (17)]. The basis 
for relating M to mis an empirical rule, m=2.5+0.63 M, determined for the 
large-magnitude earthquakes, M >6. The basis for relating Mz z to m is first 
that M,; has been observed to be approximately equal to m for earthquakes 
of magnitude between 5 and 6and second that measurements of the magnitude 
of Blanca and Logan indicate that this equality is true also for magnitudes 
4.4 to 4.8. It is assumed, therefore, that m= M, for the entire range of mag- 
nitudes below 6. Thus the Southern California-New Zealand data can be 
used directly to extrapolate from data on larger earthquakes. 

Seismicity estimates for any particular region are made by extrapolating, 
with the aid of the Southern California-New Zealand data, the data from 
Gutenberg & Richter for the annual number of shallow continental earth- 
quakes with magnitudes m >6.3. The geographic distribution of earthquakes 
in a given region is determined from the large earthquake data of these 
authors, if it is assumed that the same geographic distribution holds for 
smaller earthquakes. As an example, Figure 13 shows the annual number of 
earthquakes occurring throughout the world. The earthquake magnitudes 
are expressed in terms of the equivalent explosion yield derived from the 
relation between m and Y. 

It should be noted that there are no systematic earthquake data for 
magnitudes below about four, and thus any estimates for the frequency of 
very small earthquakes are purely extrapolations. 


On-SITE INSPECTION 


A seismic event which cannot be identified by its seismic signals requires 
inspection at the site of the event to determine whether a nuclear explosion 
has occurred. To identify a nuclear explosion, a sample of radioactive debris 
must be obtained. In the event that radioactivity is not located, the question 
remains whether the activity was overlooked or the event was natural. In this 
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Fic. 13. Seismicity estimates. Annual number of shallow continental earthquakes 
with equivalent yield greater than Y occurring throughout the world. 


situation indications that the event was of natural origin are required. There 
are, however, no known unique indications of a natural event. 

To undertake an on-site inspection requires locating the source of the 
seismic event. The accuracy of location by distant seismic signals has only 
been partially evaluated. On the basis of existing travel-time data for seismic 
waves, a seismic event probably cannot be located more accurately than 
within a few hundred square kilometers. This inaccuracy is almost inde- 
pendent of distance since the main error in time results from the uncertainties 
in the propagation of the P wave through the crust, which propagation path 
is known to be essentially independent of distance. Existing techniques do 
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not permit determining source depth to better than a few tens of kilometers 
from the earth’s surface. Since the radioactive debris from a nuclear explo- 
sion is contained within a few tens of meters of the explosion point, the prob- 
lem of inspection is evidently quite difficult [Johnson, Higgins & Violet (6)]. 

The techniques of inspection are all rather primitive. They consist of a 
search for unusual human activity which might be associated with a nuclear 
explosion, observation of surface disturbances which might be produced by 
shallow explosions, and various geophysical prospecting techniques as well 
as detection of aftershocks for locating underground cavities. 


CONCEALMENT 


Perhaps the most difficult problem for detection was discovered early in 
1959 when it was concluded theoretically and on the basis of the Rainier ex- 
plosion that the seismic signal from an explosion in a large underground hole 
is several hundred times less than that from a tamped explosion—the so- 
called decoupling effect [Latter et al. (18)]. The basis for that conclusion 
will be described here. 

For a nuclear explosion in a large spherical hole of radius a, the energy 
released is converted rapidly into internal energy of the gas in the hole, and a 
uniform pressure quickly results. The magnitude of the pressure is related to 
the energy release Y, the radius of the hole a, and the y constant of the gas 
by 


b = (y — 1)[¥/(4/3ra*)] 35. 


The medium surrounding the hole is required to remain elastic under the 
pressure p. Then, from Equation 11, the Fourier transform of the displace- 
ment at large distances from the hole is 





pa? e-t len) (ra) 
$.(w, 7) = 36. 
4uncnr .@ An + 2un f/f w \? 
1412S Eta(#) 
Woh 4un Woh 


where the subscript h refers to the medium surrounding the hole. At the low 
frequencies which propagate to large distances, 


ve pa® 3-1) 


37. 
4uncar 16mpncar 





For a tamped explosion, it is possible to relate the displacement at large 
distances to the displacement near the explosion in the induction zone of the 
elastic wave—namely, from Equation 11, 


2 
£:(co, 1) = ico Be(c0, 0) 38. 
7C¢ 


where r > >c;/w > >ro and the subscript ¢ refers to the medium in which the 
tamped explosion is carried out. In the Rainier explosion the ground dis- 
placement was measured [Perret (9)] at distances of 371 ft and 451 ft from 
the explosion. These distances are in the elastic region of the explosion which 
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is estimated to extend beyond about 300 ft from the explosion point. The 
displacements at 371 ft and 451 ft were essentially step functions for low 
frequencies, so that 


B:(w, 70) = do/iw 39. 
Thus 

84(w, 1) = ro%do/rex 
Comparing with %,(w,r), 


8,(w, r) ~ 16x oh urro*do 
wr) 3y-lha Y 


From Rainier ro’dy~(2 to 2.4) X10® cu cm; Y=7 X10" ergs; y~1.2 for air. 
Thus 


41. 








2 
1) oats 42. 
Ct 


P.(w, 1) 


where ps, is in kilobars. If the hole is in the same tuff medium as Rainier, 
Ch =C; and w,~20 kilobars; and the seismic signal from the hole is about 50 
times less than from the tamped explosion. If the hole is in salt, c, ~2.5 c; and 
un~100 kilobars. In this case the hole signal is 600 times less. Other effects 
not included in the above derivation, such as the influence of local geology, 
may affect the magnitude of the signal reduction. How large these other 
effects may be is not known precisely, but they have been estimated to be 
less than a factor of two. 

From Equation 37 it is seen that the seismic amplitude from a hole ex- 
plosion is independent of hole size provided that the medium surrounding 
the hole remains elastic. If ~, is the maximum pressure at which the hole 
remains elastic, then the minimum volume of the hole is 


V = 10°Y/fm) cum ~ 43. 


where Y is in kilotons and p» in kilobars. Roughly, p, must be set equal to 
the overburden pressure on the hole in order to keep the medium from going 
into tension. Rock cannot sustain tension without fracturing. 

The preceding theoretical considerations were verified experimentally in 
late 1959 by a series of chemical explosions in a salt medium—Project Cow- 
boy [Herbst, Werth & Springer (19)]. An important result of these experi- 
ments was that even if the pressure in the hole exceeded the elastic limit of 
the surrounding medium there was still a reduction of the seismic signal. The 
magnitude of the reduction, however, decreased with increasing hole pressure. 
Simple models of the nonelastic region—based on plasticity, cracking, etc.— 
give a reasonably good account of the observations. 

Additional techniques for concealment of underground nuclear explosions 
have been suggested [Latter et al. (18)]. One of these is to introduce some 
heat-absorbing material, such as carbon-black, into the decoupling hole. 
Such a heat absorber has the effect of decreasing the ‘““y” of the gas in the 
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hole which from Equation 41 is seen to lead to an increase in decoupling. 
Another concealment technique is to use an array of explosions to produce 
apparent rarefactive first motions. This can be achieved by suitable choice 
of relative magnitude, location, and timing of the explosions. And, finally, 
the triggering of a nuclear explosion by a larger earthquake could mask the 
explosion signal, leaving only the earthquake signal distinguishable. 


RECENT RESEARCH 


Because of the primitive state of the science of detecting underground 
nuclear explosions, the United States in 1959 initiated a program of research, 
known as Project VELA-Uniform, for the purpose of improving knowledge 
on all aspects of the underground detection problem. The program is still 
in its early stages, and only a few preliminary results have been obtained. 

Instrument development for noise reduction has shown some fruitful 
results. Deep-well seismographs have been operated at great depths below 
the earth’s surface where microseismic noise is less. Improved seismic in- 
strumentation for stations throughout the world will soon be installed. These 
instruments will enable observation of earthquakes on a world-wide basis 
with common instruments. More quantitative studies of seismicity and 
earthquake characteristics will be possible. Some hopeful suggestions for 
improving accuracy of epicentral location are being explored. A great deal of 
study is being devoted to methods for determining source depth more ac- 
curately. 

Finally, nonseismic methods of detecting underground explosions are 
being studied. The most interesting of these methods is the detection of the 
electromagnetic signal radiated by the explosion as the expanding diamag- 
netic plasma produced by the vaporized materials in the central explosion 
cavity pushes aside the earth’s magnetic field. This signal, however, can be 
suppressed by surrounding the explosion with a simple Helmholtz coil to 
neutralize the earth’s magnetic field. 


SPACE NUCLEAR EXPLOSIONS# 


The energy released by a nuclear explosion in space is radiated to great 
distances in the form of y rays and neutrons from nuclear reactions, X rays 
and visible light from the high-temperature material of the nuclear device, 
high-frequency radio signals from Compton-recoil electrons produced by 7- 
ray scattering in the device, and kinetic energy of the exploding materials 
[Geneva (21)]. These direct signals may produce other radiations by inter- 
action with interplanetary matter, with the earth’s atmosphere, or with the 
earth’s magnetic field. X rays accelerate interplanetary electrons which 
radiate low-frequency radio waves. X rays also photo-eject electrons from 


4 The feasibility of carrying out nuclear explosions in space has been demon- 
strated by the five high-altitude explosions conducted by the United States in 
1958 (20). 








400 LATTER, HERBST AND WATSON 


air atoms and these electrons excite nitrogen molecules producing visible 
fluorescent light. X rays and y rays ionize the atmosphere at high altitudes 
and the resultant ionization is observable by effects on radio-wave propaga- 
tion. Explosions occurring in the earth’s magnetic field produce low-frequency 
magnetic disturbances by distorting the magnetic field. Debris from the 
device is at least partially contained by the magnetic field, and some of the 
B-decay electrons from fission products are trapped by the field. 6-decay 
electrons which are not trapped spiral into the atmosphere along the earth’s 
magnetic field producing limited regions of intense ionization at magnetic 
conjugate pointsin the upper atmosphere. Beta-decay electrons from neutrons 
similarly ionize the upper atmosphere, but with low intensity. Explosions in 
the ionosphere produce hydrodynamic disturbances by X-ray heating and 
kinetic energy of the exploding device, which interfere with radio-wave 
propagation or reflect radar waves. 

All of the above signals are known to be generated by nuclear explosions 
in space. However, not all these signals are useful for detection. Natural 
background noise is the primary factor limiting the detectability of explo- 
sion signals. For some types of explosion signals the background noise is so 
intense that the explosion signals are completely obscured. A second factor 
limiting the usefulness of certain explosion signals is the lack of sufficient 
theoretical and experimental information to allow prediction of the form and 
intensity of the explosion signals. This limitation can probably be removed 
by continued research. 

These limitations, however, presently restrict useful signals to direct 
X rays, Y rays, neutrons and visible light, and indirect air fluorescence, radio- 
wave absorption by X-ray and y-ray ionization of the upper atmosphere, 
and magnetic trapping of B-decay electrons from fission products. Ionospheric 
disturbances detectable by radar appear to be more useful as confirmatory 
signals than as primary detection signals. 

Direct visible light, X-ray induced fluorescence, ionization of the atmos- 
phere, and ionospheric distrubances are detectable by ground-based instru- 
mentation. X rays, y rays, and neutrons are absorbed by the atmosphere 
and consequently require satellite-based instruments for detection. Detec- 
tion instruments must be designed to minimize false signals arising from 
natural noise backgrounds. Complete elimination of false signals is not pos- 
sible since fluctuations in noise backgrounds will always have some proba- 
bility of producing false signals. In order to decrease this possibility, stronger 
explosion signals are required and detection ranges are reduced. 

Since false alarms cannot be completely eliminated, positive identifica- 
tion of signals from explosions in space is not possible. By reducing suffi- 
ciently the probability of false signals, say, to one per hundred years or so, 
detection of a signal can raise a strong presumption that a nuclear explosion 
has occurred. If, however, natural events also produce signals similar to 
space explosions, like earthquakes in the underground case, identification of 
a space nuclear explosion will be entirely unfeasible. 
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A further difficulty with detecting nuclear explosions in space is the pos- 
sibility of suppressing explosion signals. Signals from explosions behind the 
moon are completely shielded from earth-based instrumentation. Solar satel- 
lites are required for detection. Explosions in the direction of the sun are de- 
tected with reduced capability because of intense solar backgrounds. By 
inserting a thin metallic sheet between the explosion and detectors, the X 
rays, which are believed to have the greatest detectable range, can be sup- 
pressed. A shield, weighing 100 kg or so, can reduce the X-ray intensity in a 
prescribed direction from megaton explosions by a factor of 100 or more and 
reduce the temperature of the X rays to less than 100 ev. If solar satellites 
are used, shields must be heavier and more complicated. 


SATELLITE-BASED DETECTION TECHNIQUES 


Since most of the energy of a nuclear explosion is radiated in the form of 
X rays, detection of X rays appears to be the most promising method for 
detecting nuclear explosions at very great distances. Consequently, in the 
following sections the X-ray method will be described in the greatest detail, 
while other methods of detecting space explosions will be treated only briefly. 
Detection of X rays.—At a distance R km from a nuclear explosion, the 
X-ray energy flux is 
F = Y,[(3 X 108)/R?] ergs/sq cm 44. 


where Y, is the total X-ray yield (kilotons) of an explosion of total yield Y. 
The X-ray yield Yz, the time interval over which the X rays are emitted, and 
the energy spectrum of the X rays all depend sensitively upon the design of 
the nuclear device. Nominally, Y,~}Y for Y>10 KT, the emission time is 
less than one microsecond; and X-ray energies are distributed as a Planck 
distribution corresponding to the temperature of the heated materials of the 
device which, for unshielded explosions,” are in the range from one to a few 
kev. X rays from shielded explosions may have energies in the range from 10 
to 100 ev". 

X rays may be detected by scintillation counters or by photomultipliers. 
Thin foils covering the detectors may be used to screen out background 
noise, but this results in some loss of detection sensitivity. Some of the 
charged-particle backgrounds may be screened out by electric grids placed 
around the detectors. The effectiveness of this method of screening back- 
grounds depends sensitively on the energy spectrum of background charged 
particles, which at present is quite uncertain. 

To estimate X-ray detectability, backgrounds which might be confused 
with explosion signals must be determined. The most troublesome known 
backgrounds are: cosmic ray showers induced in the satellite carrying the 
detectors by primary cosmic rays; solar radiation such as the visible light, 
the high-temperature coronal radiation, solar flares, and the solar wind; 








12 See the discussion of concealment of space nuclear explosions. 
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auroral radiations; solar and stellar radiation scattered by interplanetary 
atoms; and micrometeorites. 

The omnidirectional flux of primary cosmic rays is about 1 proton/sq cm 
sec above 1 Bev (with a relatively smaller flux of heavier primaries). The 
flux of primary cosmic ray protons having an energy greater than E (meas- 
ured in Bev) is 


F(E) ~ 1/E'* protons/sq cm sec, forE>1 45. 


For a satellite of 1 sq m area, about 10‘ primary protons (with E> 1) per sec- 
ond are incident on it and can cause nuclear interactions in the materials of 
the satellite. At proton energies of 25 Bev, about 6m mesons are produced per 
nuclear interaction while, at much higher energies, 10 mesons are typically 
produced [Edwards et al. (22)]. On the average, one-third of these mesons 
are 7° mesons, each of which decays into two energetic y rays, which in turn 
generate cascade showers in the satellite. 

Within a few radiation lengths, the energy from a shower-producing y 
ray is shared by a relatively large number of electrons, positrons, and y rays, 
each having an energy in the neighborhood of the critical energy of the 
shower. Since the satellite thickness is likely to be about two radiation 
lengths and since a significant fraction of showers is well developed within 
about two radiation lengths, a significant fraction of the 10‘ showers per sec 
that are produced in a satellite may contain hundreds to thousands of 
electrons, positrons, and y rays of energies ranging from a few Mev to a few 
tens of Mev. 

Except for very near explosions, the energy in a single shower will greatly 
exceed the energy in the explosion signal. Cosmic ray showers can, therefore, 
cause serious difficulty for the detection of nuclear explosions. This difficulty 
can possibly be overcome by employing detectors in multiple coincidence 
and anticoincidence within each satellite and between satellites. 

The exact rate at which cosmic ray showers produce false signals similar 
to nuclear explosions depends sensitively on the distribution of matter and of 
detectors in the satellite. Approximately, however, with m detectors in 
coincidence, the shower counting rate is 


r=Ip" 46. 


where J is the rate of shower production and 9 is the probability that a single 
counter will register a count. As an example, in a satellite containing 
counters of area ¢=100 sq cm separated by a distance d and in which 10? 
showers with N,=10% isotropic secondaries! are produced each second, 
the coincidence counting rate is about 


Nyoe\" 104 \" 
r~ 10 (=) ~ 10? (=) per sec 47, 





18 We are indebted to Professor V. Fitch for this comment. 

4 The assumption of isotropy may be too extreme. On the other hand, large 
showers may have 10‘ to 10° secondaries of which those at the critical energy tend 
to be isotropic. 
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where it is assumed that a single particle is counted with an efficiency e and 
one particle can trigger a counter. It is clear that if r is to be kept less than, 
say, one count per hundred years, the separation d should be of the order of 
meters and m should be in the range of 10 to 20. If more than one particle per 
counter is required for a count, the separation distance and the number of 
counters can be decreased. However, this leads to a decrease in detection 
distance, since higher incidence fluxes are required to provide a coincidence. 
Alternatively, additional counters in anticoincidence may assist in suppress- 
ing the cosmic ray counting rate. Anticoincidence has the difficulty that 
close explosions could be discriminated against. 

An important consequence of Equation 47 is that the counting rate is 
proportional to the rate at which showers form, times the number of particles 
per shower to the mth power. This means that the rare showers with very 
large numbers of particles determine the counting rate; thus reliable quan- 
titative analysis of the shower problem is difficult. Despite this difficulty, it 
may reasonably be concluded that cosmic ray showers do not make X-ray 
detection impossible. However, elimination of this background will probably 
lead to a complicated detector system and consequently to a decreased 
detection range and system reliability. 

Radiation from the sun provides an extremely intense background which 
must be suppressed if X-ray detection of nuclear explosions is to be possible 
at great distances. The total solar flux at the earth’s orbit is 1.3 X 10° ergs/sq 
cm sec, and the portion in the high-energy range above a few tens of electron 
volts is 1.510° de/e photons/sq cm sec, where € is the photon energy 
|Friedman, Chubb & Kreplin (23)]. During solar flares, the flux of solar X 
rays in the energy range from 100 ev to kv may be of the order of 1 erg/sq cm 
sec [Chubb, Friedman & Kreplin (24)]. For these intense backgrounds, 
the counting rate is 


r= nIP,""p,_1 48. 
where /,.1 =e~%q’1/(v—1)! is the probability that in the resolving time r 
of the coincidence a single counter will register y—1 counts; J is the rate 
at which a single counter registers a count; and 


ye => e~%q'/I! 


lay 


is the probability that a single counter registers vy counts or greater in the 
time r. Approximately 


49. 
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If the false alarm rate from the total solar flux is not to exceed one per 
hundred years, then evaluation of Equation 49 for a coincidence-resolving 
time of one microsecond and a counter area of 10? sq cm leads to the require- 
ment that the explosion signal must exceed about 10~° ergs/sq cm, which 
corresponds to a maximum detection range of about 107./ Y, km. 

There are two possible methods for suppressing the solar radiation. Thin 
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foils can be placed over the counters, or a screen oriented toward the sun can 
shade the detectors. This screen has the difficulty that complicated equip- 
ment is required for orienting, and explosions in the direction of the sun 
cannot be seen. Covering the counters with foils has the disadvantage 
that shielding of explosions becomes simpler and more effective since only 
high-energy X rays can penetrate the foils. 

Moreover, if thin foils are placed over the counters to suppress solar radi- 
ation, they may be punctured by micrometeorites. The flux of micrometeo- 
rites of mass greater than m (grams) has been estimated to be [Lapaz & 
Whipple (25)] 


Fm = 10-!*/m particles/sq m sec 50. 


This flux is determined for large particles by visual and radar observations. 
It is presumably cut off for m <10~° g because of the effect of solar radiation 
on the orbits of very light particles. 

The average velocity of micrometeorites is 30 to 40 km/sec. On striking 
a solid surface, such a fast particle produces a crater. A rough estimate 
[Whipple (25)] of the crater size is obtained by equating the kinetic energy 
W of the micrometeorite to the mass of material vaporized from the crater 
times the heat of vaporization Z per unit mass. Assuming a 60° angle for the 
crater, the crater depth D is approximately 


D = W*'8(9/xpL)*!8 51. 


where p is the density of the material which is struck by the micrometeorite." 
If D is greater than the thickness of the surface which is hit, penetration will 
occur. For the flux given in Equation 50, foils sufficiently thick to stop pho- 
tons with energies of a few tens of electron volts would last on the order of a 
month. Thicker foils, however, seriously degrade detection efficiency for 
shielded explosions. 

Auroral streams have been observed to contain large fluxes of high-energy 
particles. The flux of electrons with energies greater than 50 kev in auroral 
streams is approximately [Brown (26)] 


Fetectron ~ 10° — 10° electrons/sq cm sec 52. 


The flux of protons with energies greater than 30 Mev has been observed to 
be of the order of 


F proton ™ 10% protons/sq cm sec 53. 


It seems likely that the performance of X-ray detectors will be seriously de- 
graded while in an auroral stream. However, it is not yet known to what 
extent auroral particles are accelerated at the sun, in the space between the 
sun and earth, or in the geomagnetic field. If auroral streams are confined to 
the space near the earth, it would appear desirable to place detection satel- 
lites in orbits above the auroral particles. If auroral streams originate at 
the sun or in space, however, it is not possible to do this. In fact, it is not even 


15 More accurate calculations of D indicate that Equation 51 is a significant 
underestimate of the penetration depth. 
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possible to shade the satellite from auroral particles by a sun screen since 
the solar magnetic field will presumably cause their orbits to be unpredict- 
able. 

The solar wind may also adversely affect detection. Although the mag- 
nitude (and even the existence) of the solar wind is uncertain, the solar wind 
[Bierman (27)] is believed to consist of a steady stream of protons and elec- 
trons emitted by the sun. The proton flux is estimated to be 


Feolar wina ~ 108 — 10° protons/sq cm sec 54. 


where the protons have energies from 1 to 10 kev. Comparable fluxes of 
electrons having energies below 100 ev are expected. These solar-wind 
particles may easily be stopped by thin foils placed over counters. For open 
counters it may be possible that electric or magnetic fields may be used to 
screen out the solar wind particles. 

The greatest ranges for detection are obtained by assuming that the 
X-ray detectors are not covered, but are protected from solar radiation by a 
sun screen and from the solar wind by electromagnetic means. In this case 
when the detectors are not in an auroral stream, the principal source of 
background is probably starlight and sunlight scattered by free atoms in 
interplanetary space. The omnidirectional flux from starlight corresponds 
to a few times 10° photons/sq cm sec in the visible range. The solar Lyman- 
radiation scattered by interplanetary hydrogen produces an omnidirectional 
flux of about 210° photons/sq cm sec [Friedman, Chubb & Kreplin (23)]. 
The 40-ev radiation scattered by helium has a comparable flux [Van Allen & 
Frank (28)]. The total flux of photons on a counter with area ¢=100 sq cm 
is then expected to be of the order of 


f ~ 10" photons/sec 55. 


If the resolving time of the counters is t=1 usec (equal to the duration of 
the explosion signal), the mean counting rate of background is 


q=fr~ 10 56. 


This should be compared with the corresponding X-ray signal from a nuclear 
explosion. According to Equation 44, for a yield of Y, kilotons of 1 kev 
X rays, 

oF ~ 2X FY, (10"/R?*) photons 57. 


If the average flux, Equation 56, can be biased out, and if the bias is set 
at about four standard deviations, the minimum detectable signal is 


Fo ~47q = 4X 10° = 2X Y,(10"/R?) 58. 
and the maximum detection range for an unshielded explosion is 
R ~ 108/Y. km 59. 


In this case the rate of false signals is about one per hundred years. 
In summary, the maximum X-ray detection range is determined by ran- 
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dom fluctuations in the continuous background of scattered sunlight and 
starlight. To achieve this maximum range, elaborate engineering is required 
to suppress the background arising from cosmic ray showers, auroral 
particles, and solar radiations. Further complications may of course develop 
if new sources of background (or of fluctuations) are found. 

Since X rays from an explosion can reach the top of the atmosphere only 
if the explosion takes place above altitudes of 80 to 100 km, X-ray detectors 
cannot detect explosions taking place below this altitude. 

Detection of prompt y rays—Prompt y rays are produced in times of 
about 1077 sec by fission reactions and by inelastic scattering of neutrons 
within the device. The yield and spectrum of the y rays depend upon device 
design. Nominally, the total y-ray energy is about 3X10~ of the total ex- 
plosion energy, and the mean energy of a single y ray is about 1 Mev. Ata 
distance of R km from an explosion, the total y-ray flux is 


F = Y,p(10"/R?) y rays/sq cm 60. 


where Yr is the fission yield of the explosion in kilotons. 

Because y rays from a nuclear explosion are quite penetrating, y-ray 
detectors (possibly scintillation counters) may be covered with thick foils 
to stop soft radiation. The principal source of background then is cosmic ray 
showers generated within the satellite. To suppress this background it is 
again necessary to use multiple-coincidence counting and to separate the 
counters. The precise number of counters in coincidence and their separation 
distance cannot be determined without specification of the detailed distribu- 
tion of matter in the satellite. Under similar assumptions to those made in 
the discussion of X-ray detection, it appears likely that five to ten counters 
in coincidence separated a few meters (having a resolving time of a few times 
10~* sec) will reduce the false signals from showers to about one per hundred 
years. 

The probability P of detecting a pulse of y rays is 


P=(1—eme 61. 


where is the number of counters in coincidence, € the counting efficiency 
of a counter, and m the mean number of incident y rays per counter. For 
P~0.9, e~3, and n~5 to 10, it is found that m~10 to 15. A reasonable coun- 
ter area for a satellite is about 10? sq cm. In this case the detection range is 


R~3X 10/¥rkm 62. 


Detection of delayed y rays ——Delayed y rays are produced by the radio- 
active decay of fission products. According to the well-known fission-decay 
law, the y-ray intensity is approximately constant for the first second after 
the explosion and then decreases as f~!. Only the first second is therefore 
important, and during this time the total flux of delayed y rays from an 
explosion is about 100 times as great as that of prompt y rays. However, the 
rate of emission of delayed y rays is less by a factor of 10° than that of prompt 
y rays. This small rate makes background effects more serious for delayed 


7 rays. 











St SE IER 











DETECTION OF NUCLEAR EXPLOSIONS 407 


The principal known backgrounds which interfere with detection of 
delayed y rays arise from the cosmic ray shower albedo from the earth’s 
atmosphere and from showers in the satellite itself. Since the shower back- 
ground is intense, being perhaps 10* to 10° per sec in the satellite, it is doubt- 
ful that this method has a great detection range. In fact, if all these showers 
were counted by the delayed y-ray detector, the range of detection would be 
less than about 105 +/ Yr km for a counter of 10? to 10* sq cm, even if only the 
fluctuations in the background rate were detected. 

Detection of neutrons——Neutrons are produced both by fission and by 
thermonuclear reactions. Nominally, of the order of one neutron per fission 
escapes the device. The neutron flux at a distance of R km from an explosion 
of Y kilotons is then 


F ~ Y(10!2/R?) neutrons/sq cm 63. 


Because of the wide spectrum of neutron velocities emitted by the device, 
the neutrons arrive at distant counters over a time interval of the order of 
seconds to minutes. 

Neutrons are detected by uranium 235 or boron trifluoride counters 
placed within a moderating medium. Sources of background are cosmic ray 
showers and the cosmic ray albedo from the earth’s atmosphere. For the 
same reasons discussed in the case of delayed y-ray detection, the intense 
shower background produced within the satellite itself makes it unlikely that 
neutrons can be detected beyond 105 »~/Y km and more likely that neutron 
detection is possible only at considerably smaller ranges. 

General remarks.—Since the necessary experimental observations are 
lacking, little reliance can be placed on detection of neutrons or delayed y 
rays. The estimates of detectability of X rays and prompt y rays are prob- 
ably reasonably reliable, but require detailed experimental and engineering 
study to determine feasibility. 

It is desirable that the satellites for detecting X rays, y rays, and neu- 
trons not be placed in the Van Allen radiation belts where radiation is 
trapped by the geomagnetic field. To avoid false signals from the intense 
radiation in these belts, stronger explosion signals would be required, and 
detection ranges would consequently be reduced. 

In the inner belt the electron flux is of the order of 10° electrons/sq cm 
sec with energy greater than 20 kev and 10’ electrons/sq cm sec with energy 
greater than 600 kev [Van Allen & Frank (28)]. The proton flux in the inner 
belt, corresponding to an energy greater than 40 Mev, is 2X10‘ protons/sq 
cm sec [Van Allen & Frank (28), Freden & White (29)]. The energy spectrum 
of these protons is 


F(e) ~ (1.55 X 10*)/E°-7? protons/Mev sq cm sec 64. 


where £ is the proton energy measured in Mev. The outer radiation belt con- 
sists of soft electrons and is subject to wide temporal variations. The particle 
flux in this belt falls to that of the cosmic ray background at altitudes above 
about 60,000 km and is small in the auroral zones (corresponding to latitudes 
greater than 60° north or south). The inner belt extends from about 700 km 
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to about 6000 km above the surface of the earth and is confined to a region 
above the equator extending to +30° to 40° latitude. 

If satellites are placed at an altitude of 700 km, from 50 to 70 satellites 
are required for complete earth surveillance. (If, for example, 10 satellites 
were used, the system could survey reliably only the volume of space above 
2000 km altitude.) At altitudes above 50,000 km, only 5 or 6 satellites are 
required. However, the cost of putting satellites into such distant orbits is 
greater. 

A suitably instrumented satellite placed in the radiation belt can detect 
the fission-decay electrons from the explosion which are trapped by the 
earth’s magnetic field. This satellite will not be able to detect explosions 
occurring in the auroral zone since electron trapping does not occur in this 
region. 


GROUND-BASED DETECTION TECHNIQUES 


There are several possible ground-based techniques for detecting space 
explosions. Although the maximum range for ground-based detection is less 
than that for satellite-based detection, the lower cost and greater reliability 
in operation of ground-based detectors make them quite important. 

Detection of visible light—The details of the visible light emission from 
space nuclear explosions are not completely known [Latter (30)]. They 
depend upon device design, upon interactions with the atmosphere and 
with the ambient magnetic fields, and upon poorly understood physical 
processes and physical properties of materials. Consideration will be given 
only to that portion of the visible light emitted by the explosion debris dur- 
ing the first 10 or 20 usec after the explosion—before the debris can interact 
appreciably with the atmosphere or with ambient magnetic fields. During 
these times the principal emission mechanisms are reasonably understood. 
With this limitation to the early explosion phase, it is simple to estimate the 
fraction of the total explosion yield emitted as visible light and the effective 
time for this emission; these are the only parameters that enter into the 
detectability. 

The detection of the visible light from the nuclear explosion must be made 
in the presence of natural sources of light. The largest of these backgrounds 
are: 


Sun: 2X 10'° ergs/sq cm sec ster. 

Moon: 2104 ergs/sq cm sec ster. 

Skylight (day): 10* ergs/sq cm sec ster. 

Stars: Total starlight is equivalent to about 1100 magnitude 
—one™ stars. The brightest stars are magnitude 
—2 to —4. 


16 Stellar magnitude is related to the intensity I (ergs/sq cm sec) of visible light 
from a star by 


Magnitude = — 2.5 logy[Z/(3 % 10-)]. 
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The capability for detection against the noise backgrounds depends upon 
the specific design of the detection instrumentation. To specify this instru- 
mentation, it should be noted that the signal from the explosion is essentially 
a point source, while the largest backgrounds (except for starlight) are ex- 
tended sources. By well-known principles it is possible by means of a lens 
system to increase the amount of light gathered from a point source with- 
out increasing the brightness of the extended source backgrounds. This 
effect implies that the amount of light received from the explosion and 
focused on a given area can be increased arbitrarily while the amount of 
light on this same area received from the background is maintained con- 
stant. The only limitations on the increase in strength of the point source 
image are the size of the lens system and its inherent optical aberrations. 
The simplest system for achieving this effect is a single lens with a detector 
at its focus. 

To permit observation of a large portion of the sky from a single ground 
station with a minimum number of lens systems, each lens system should 
have as large a field of view as possible. However, a large field of view re- 
quires a large detector area. This leads to a greater amount of background 
light being detected without increasing the light gathered from the point 
source. This disadvantage can be circumvented by dividing the detector into 
a number of cells each of which acts as an independent detector of reduced 
field of view while the total ensemble has the desired field of view. To work 
effectively, such a scheme must minimize spaces between the individual 
detectors to avoid dead spots. One possibility is to replace the simple 
detector array by a diverging lens backed up at a distance by an array of 
square focusing lenses which focus the light on the detector array. Another 
is to use a separate lens for each individual dvtector. In these ways, the de- 
tectors may have dead spaces between them without degrading the signal. 

The individual detectors require special design. These will be assumed 
to be photocells or photomultipliers which have a conversion efficiency ¢ for 
converting photons to photoelectrons. The associated counting circuits will 
be assumed to have a memory time Tf. To insure no loss of signal strength 
while minimizing the noise background, r should be adjusted to equal the 
maximum explosion emission times which are expected. 

The parameters which specify the detector system are the area o and 
radius a=~+/a/m of the focusing lens, the focal length / of the lens, and the 
area oq and radius dg=+/oa/m of the detector ensemble, the number N of 
individual detectors, and the conversion efficiency € and memory time 7 of 
the detectors. 

The number of photoelectrons generated in the detector system by an 
explosion of yield Y kilotons at a distance R km is 


F = 6.64 X 10"eo(f Y/R?) 65. 
where f is the fraction of the yield radiated as visible light. The mean energy 


of the visible light from the explosion is taken to be 3 ev. This average 
results from noting that only photons of energy less than 4 ev penetrate the 
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atmosphere and that the visible light emitted by the explosion is in the “‘tail’’ 
of the Planck spectrum. 

The number of photoelectrons generated by extended-source back- 
grounds in one resolving time 7 of the detector is 


oa fa? 
B=3X 10" -cF, “(+) 66. 
x MAN) 
where the mean energy of background photons is 2 ev and F; is the back- 
ground intensity in ergs per sq cm sec ster. In the case of starlight, 
B=3 X 10" rFreo 67. 


where F; is the intensity in ergs per sq cm sec reaching the detector. The 
probability that the background generates before a time ¢ a level of mp photo- 
electrons during one memory time 7 of the detectors is 





P@® =1-e% 68. 
where 
q~ BS none 69. 
tr V27B 
If it is required that 
P(3 X 10° sec) = 1 — (1/e) 70. 
then 
nm SB+10/B 71. 


With this condition the detection distance is given by 


F =10/B 72. 


or 


R = 2.51XN0(cof Y/./B)!/2km 73. 


To estimate the detection distance quantitatively the parameters of the 
detection system must be specified. A set of reasonable values which leads to 
interesting detection ranges is: ¢ = 10‘ sq cm, og=1.5 X 104 sq cm, /=120 cm, 
¢=0.1, and N=100. These values correspond to a field of view of 30°. This 
field avoids the problems of atmospheric attenuation when the lenses are 
pointed vertically. 

Values of f and 7 have been estimated to be f Y~10~*—10~$ kilotons for 
unshielded low-yield explosions, f Y~10~'— 10~ kilotons for unshielded high- 
yield explosions, and r<2X10~ sec. 

Using fY=10-* kilotons and r=2 10-5, one finds that for low-yield 
explosions the detection range exceeds 10° km during the day or night. 
Against the direct solar background the detection range is less than 10‘ km. 
For high-yield explosions, these ranges may be as much as a factor of 10 
greater. 
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Each lens system observes about 47/15 steradians. To observe the entire 
sky within the detection range and beyond 50 km requires approximately 
250,000 lens systems—such a number is completely unfeasible. However, 
using 60 such lens systems, all points of the sky beyond about 6400 km will 
be seen. 

Several points should be considered. First, it is desirable to be able to lo- 
cate the source of the signals. This requires two or more widely spaced de- 
tectors with high optical resolving power or three or more with high tem- 
poral resolutions observing the same point in the sky. The previously de- 
scribed detectors have insufficient optical resolving power to locate a signal 
within 10° km. To obtain adequate optical resolving power while main- 
taining the same value of og, it would be necessary to increase N to about 
104. To achieve threefold observation of the sky requires an excessive num- 
ber of stations. Secondly, increasing N with the same og does not increase 
the detection ranges significantly. For example, increasing N by a factor of 
16 increases ranges by a factor of only 2. Clearly, this leads to considerable 
complication and increased cost of the system. Another point—in order to 
extend the coverage of the system below 6400 km, the number of lens sys- 
tems needed increases rapidly. Specifically, complete coverage above alti- 
tude h km requires 15[(6400+-h)/h}* uniformly spaced lens systems. 

The short range in those detector cells observing the sunlight can be im- 
proved somewhat by using supplementary moving lens systems which ob- 
serve continuously only in the direction of the sun. By excluding the sun 
from the central region of the remaining systems and by suitable placement 
of the lenses, it will be possible to avoid “looking” at the sun and thereby 
reducing the detection range. Finally, it should be recognized that this means 
of detection is not useful at all in the presence of cloud cover. On the other 
hand, shielding of the visible light appears difficult. 

Detection of air fluorescence-—The X rays from a space nuclear explosion 
are stopped in the earth’s atmosphere above altitudes of about 70 km. 
Photoelectrons ejected by the X rays produce molecular excitations of nitro- 
gen. The excitation decays by emission of visible radiation and provides a 
possible means for detecting explosions [(1), Westervelt (31)]. 

The X-ray photoelectrons produce a particularly strong excitation in the 
P branch of the (0, 0) band in the N} (1N) system which emits a line of 
wavelength 3914 A. Approximately 5X 107% of the X-ray energy deposited 
in the atmosphere is reradiated in this particular line over a time interval of 
about one microsecond, corresponding to the slowing-down time of the 
photoelectrons. Thus the fluorescent flux at a distance R km from an explo- 
sion radiating Y, kilotons of X-ray energy is 


F ~ 10°(Y,/R?) ergs/sq cm 74. 
This radiation may be detected by photomultipliers mounted behind a well- 


collimated optical system. The range of detection depends upon the specific 
design of the detection instrumentation and the magnitude of the back- 
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ground noise. The background noise in the neighborhood of the 3914-A line 
is about 0.25 to 0.5 wwatts/A sq cm ster. Assuming a reasonably feasible 
detector system and assuming that the explosion signals must be at least 10 
times the statistical fluctuations in the average background, the detection 
range is approximately 10° +/ Yz km for an unshielded explosion. 

Atmospheric ionization—Atmospheric ionization by nuclear explosions 
results from deposition of X-ray and y-ray energy [Latter & LeLevier (32); 
(1)]. The energy is deposited by X-ray photoejection of electrons from air 
atoms and by Compton scattering of electrons by y rays. The secondary 
electrons transfer energy to air atoms by slowing down, thereby inducing 
ionization. One ion pair is produced for each 33 ev of energy transferred to 
the air. 

In the case of X rays and prompt y rays, the energy is essentially de- 
posited instantaneously. The slowing-down time of the secondary electrons 
is about one microsecond and therefore ionization is produced essentially 
instantaneously. The rate of disappearance of the ionization depends sensi- 
tively upon its altitude and the chemistry of the air. X rays in the kilovolt- 
energy range deposit energy at altitudes above about 70 or 80 km where 
ionization persists for seconds to minutes. Gamma rays in the Mev range 
deposit energy at altitudes of 20 to 30 km or so and their ionization vanishes 
in the order of milliseconds. Delayed y rays deposit energy slowly with time 
at the same altitudes as prompt y rays. The intensity and duration of the 
delayed y-ray ionization are therefore determined by competition between 
the mechanisms of production and of decay. The intensity is comparable to 
that produced by prompt y rays but persists for about one to a few seconds. 

Since X rays constitute over half the energy of nuclear explosions, X-ray 
induced ionization is more intense and more persistent than that arising 
from ¥ rays and is, therefore, the important ionization for detection. 

To determine quantitatively the intensity of X-ray ionization, some sim- 
plifying but accurate assumptions can be made. The air density will be as- 
sumed to vary with altitude exponentially, 


p(2) = poe 2/4 75. 


where H is the scale height of the atmosphere over the region of induced 
ionization. Multiple scattering of the X rays will be neglected. The X rays 
will be assumed to be emitted as a Planck distribution with temperature T 
corresponding to the average temperature of the exploding device. Under 
these assumptions, the X-ray-induced ionization at altitude z from a nuclear 
explosion of X-ray yield Y, kilotons at distance R km from the deposition 
point is 

@ duu® K(u) [| 16 


7, 45 
an 2, co ae 
n(z) = 6.7 X 10 y Ty hoe I i (Ou 


The expression K(u) denotes the mass absorption coefficient for air and is 
approximately 
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K(u) = eo a sqcm/g, “u<—, 
T? 48 T 7 
3.4X 108 1 0.4 ° 

= a sq cm/g, u> Tr 


where u=hv/kT and T is in kilovolts. The quantity V(6) is a geometrical fac- 
tor given by 
/ 
V(6) = cos@ 2H tanto} * -(Rgts) (aH tan 6) 


-1 
—s aa oT art 78. 
(Re + 2) lz aa i. 


where @ is the angle between the radius vector from the earth’s center to the 
deposition point and the vector from the deposition point to the explosion 
point, and Rg is the radius of the earth. For 6=90°, 


a 2H 
¥(90°) = / (Re +a) ca 79. 


For temperatures greater than about 0.5 kev, saddle-point evaluation oJ 
Equation 76 gives 


= OD cieantie: aanee — <a 
atte 2 3H \ ¥@) 


4 /3KopoH __,\1 
of 4 (at 7] - 
where Kyo=u°K(u) for u>0.4/T. 

Ionization is most simply detected by effects on the propagation of radio- 
frequency electromagnetic waves. A particularly simple method of detecting 
one such effect is by observing the amplitude of radiofrequency noise from 
galactic sources. Any sudden depression of the noise amplitude can be inter- 
preted as absorption by atmospheric ionization. The magnitude of this ab- 
sorption for a wave propagating vertically through the atmosphere is 





Y, 15 aw V0) ( 3KopoH " 
el 


A = 0.46 f ha an 81. 
w* + v*(z) 

where v(z) is the collision frequency of electrons with air atoms and w 

is the angular frequency of the observed radio signals. 

Substituting n(z) from Equation 76 into Equation 81 and noting that for 
frequencies above about 10 Mc/sec which penetrate the ionosphere v(z)<w, 
the absorption produced by X rays of temperature greater than about 0.5 
kev is found to be 

W6)T? Y, 
Aw2ix 199 OT Ze deci ibels 82. 

w? R? 
where the electron collision frequency is taken equal to 1.510" sec” at 
sea level. 
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For a frequency of about 30 Mc/sec, a one-decibel absorption of galactic 
noise appears easily detectable. At this absorption level the ionization from 
an explosion radiating one kiloton of X-ray energy in the temperature range 
from 0.5 to 2 kev at distances of 10‘ to 10° km is detectable by a ground-based 
vertically directed receiver. Since the magnitude of the absorption varies in- 
versely as the square of the explosion distance, an absorption sensitivity of 
0.01 decibels at 30 Mc/sec would be required to increase the detection range 
by a factor of 10. Such an improved sensitivity appears difficult to achieve. 

For explosions at altitudes below a few hundred kilometers, X rays are 
absorbed by the atmosphere before they can propagate to regions of the at- 
mosphere far from the point directly below the explosion. Consequently, 
the area of the atmosphere over which ionization occurs decreases and the 
number of detection stations required to observe the ionization increases. 

Intense ionization of the atmosphere is known to occur from natural 
sources. Occurrence of ionization therefore does not prove that a nuclear 
explosion has taken place. There is, however, a possible distinction between 
explosion-induced ionization and natural ionization, namely, the onset time 
of the ionization. For explosions the onset time is less than about one micro- 
second. Observations just recently begun suggest that the onset time of 
natural ionization is very much greater than one microsecond, but these 
results are still preliminary. 

Ionospheric disturbances——Backscatter radars have detected nuclear 
explosions above a few tens of kilometers to a few hundred kilometers. The 
specific explosion effects detectable by this technique are uncertain. How- 
ever, there is little doubt that explosions near the ionosphere produce, by 
hydrodynamic processes, by interaction with the earth’s magnetic field, 
and by ionizing radiations, major disturbances in the neighborhood of the 
explosion and in the ionosphere. These disturbances produce strong varia- 
tions in dielectric constant of the atmosphere, and such variations are known 
to be detectable by backscatter radar. 

The backscatter radar technique is probably limited to detecting only 
those explosions carried out below a few hundred to perhaps a few thousand 
kilometers. It has the advantage that this entire region of space can be ob- 
served with only a few radars. The principal disadvantage of this technique 
is its sensitivity to the background of natural events, particularly in the 
auroral regions. 


CONCEALMENT OF SPACE EXPLOSIONS 


The most obvious method for concealing space nuclear explosions from 
earth-based detectors (earth satellites or ground-based systems) is to carry 
them out behind the moon. The moon shields all prompt radiations from 
the detectors, and only delayed y rays which are emitted from the fission 
debris after the debris moves out from behind the moon are detectable. 
However, material can be distributed around the device in such a way as to 
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direct the fission debris toward the moon’s surface allowing only the inactive 
materials to move out from behind the moon. Explosions behind the sun 
are completely undetectable by earth-based detectors. Detectors in solar 
satellites would be required. 

It is possible to construct artificial shielding against detection of prompt 
y rays and X rays. It does not appear possible, however, to shield against 
delayed y rays and visible light. . 

X-ray shields —The simplest X-ray shield consists of a thin sheet of lead 
or lead-loaded plastic (a lead balloon) placed a few meters from the explosion 
and between the explosion and the X-ray detectors. The shield must be 
large enough to screen the expanding explosion debris until the temperature 
of the debris has fallen below the X-ray detection level. 

Such an X-ray shield operates as follows. The X rays emitted by the 
explosion are deposited in a very shallow layer on the surface of the shield 
facing the explosion. This thin layer becomes hot and begins to reradiate the 
energy which it absorbed back toward the explosion and away from the 
X-ray detectors. At the same time deeper layers of the shield will be heated 
by radiation diffusing into the shield. If the shield is thick enough, the radia- 
tion will not diffuse all of the way through. In this case the detector side of 
the shield will be heated to less than 10 ev by a hydrodynamic shock gener- 
ated by the initial X-ray deposition. 

However, the shield is further heated when the explosion debris collides 
with it. Most of the kinetic energy of the debris intercepted by the shield 
will be converted into internal energy and will radiate in the form of low- 
energy X rays. For a shield placed several meters from the explosion, only 
a small fraction of the total kinetic energy of the debris will be intercepted 
by the shield. Moreover, since the kinetic energy of the debris is only a frac- 
tion of the total explosion yield, the total energy of the explosion which can 
radiate in the direction of the X-ray detectors can be reduced by a factor of 
at least 100 and perhaps 1000 or more. 

During the time that the explosion emits its X rays, the shield will be 
heated on the side toward the explosion and will reradiate most of the inci- 
dent energy. The surface temperature T) on that side of the shield can be cal- 
culated approximately by equating the incident flux to the reradiated flux, 


oTyt = Y,/4rR?*r 83. 
where 7 is the time of emission of the X rays; R, the distance from the ex- 


plosion to the shield; and a, the Stefan-Boltzmann constant. The amount of 
mass penetrated by radiation in the time 7 for a driving temperature T4 is 





84. 


Am =| — — 


c 1 aTs! ]" 
S« 


where x is the opacity of the shield; ), its specific heat; and aT 4 the energy 
density of the radiation. If, for example, Y,= 80 kilotons for an explosion of 
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100 kilotons total yield, r=10~’ sec and R=10 m, then 7)~230 ev. For 
reasonable choices of x and b, Am ~0.05 g. After the time 7, the shield will cool 
by radiating back through the hot, expanded explosion debris. If the thick- 
ness of the shield is about 0.1 or 0.2 g, then the detector side of the shield 
will not become hot because of the direct X-ray heating. 

The average rate per unit area at which kinetic energy from the explosion 
debris is delivered to the shield is 


F = 3[Mv?/(4rR%,) | 85. 


where M is the mass of the bomb, »v the root mean square velocity of the 
debris, and ¢, the time of the collision of the debris with the shield. This 
energy does not radiate away faster than it is delivered so that 


oT t+ oT: SF 86. 


where 7; is the temperature on detector side of the shield and T; the tem- 
perature on the explosion side. 

As an example, if the exploding device has a mass of about 200 kg, the 
debris will be less than 0.02 g/sq cm thick when it collides with the shield. 
Since the shield is much thicker than the debris, the energy radiates back 
through the debris more easily than through the shield. Thus T;>T7, and 
oT\4<} F. For this type of explosion v is about 10° cm/sec and ¢,, about 
4X10-* sec. Thus 7, <60 ev. At this temperature, X rays are strongly 
attenuated by covered X-ray detectors. 

If detection satellites were restricted to orbits around the earth, the above 
shield which need only weigh about 100 lb would reduce detection distances 
by about two or three orders of magnitude. If solar satellites were used for 
detection, the shield would have to be heavier in order to shield X rays in all 
directions from the explosion in which satellites might be located. Such heavy 
shields and shields which reduce the radiating temperature to even less than 
~60 ev have also been designed. The design of such shields is quite depen- 
dent upon the design of the nuclear device, and complicated calculations are 
required to determine their effectiveness [Herbst & Wainwright (33)]. 

Gamma-ray and neutron shields——A few inches of lead can reduce the 
y-ray flux from an explosion by a factor of 100 or more. However, neutrons 
from the explosion can produce y rays in the lead by inelastic scattering. If 
the shield need be effective only over a limited solid angle, it can be separated 
from the explosion, thereby reducing the neutron flux on the shield suffi- 
ciently to allow only a negligible number of y rays to be produced by inelastic 
scattering. 

If a shield is required to reduce both the neutron and y-ray fluxes or to 
be effective over a large solid angle, it would have to be a mixture of a moder- 
ating material such as hydrogen and absorbing materials such as boron and 
lead. Such a shield would be extremely heavy if high attenuations of the 
neutrons and y rays are required. 
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RECENT RESEARCH 


In addition to Project VELA-Uniform for underground explosions, the 
United States in 1959 initiated Projects VELA-Sierra and -Hotel for research 
on the detection of space explosions. VELA-Sierra deals with ground-based 
detection techniques and VELA-Hotel, with satellite-based techniques. The 
primary emphasis of this research program is on the nature and intensity of 
natural background noise affecting detection, on design feasibility of detec- 
tion instruments, and on exploring new detection techniques and evaluating 
old ones more carefully. 

Measurement of natural background noise by ground-based instrumenta- 
tion is currently under way. Measurement of space backgrounds requires 
satellite-based instrumentation. Some limited measurements have been com- 
pleted, but the required extensive measurements await the design of suit- 
able instruments and the availability of rockets. 

Instruments to detect optical fluorescence and galactic noise absorption 
have been built and are currently being tested by measuring natural back- 
grounds. Backscatter radars for measuring ionospheric disturbances are a 
standard geophysical tool, and have been in operation for some time. Design 
of instruments for detecting the direct visible light is currently being 
studied. Instrumentation for measuring X rays, y rays, and neutrons in 
space has been designed and, as a preliminary test, will be mounted on bal- 
loons to measure backgrounds at high altitudes. The principal problem in- 
volved in this instrumentation is the discrimination of cosmic ray showers. 
The balloon tests, combined with laboratory tests using high-energy acceler- 
ators, are expected to contribute vital data on this difficult problem. The elec- 
tromagnetic signal from Compton-recoil electrons produced by y-ray scatter- 
ing in the device or in X-ray shields has recently been estimated to be less 
than about 10° km, independent of the explosion yield [Karzas & Latter (34)]. 

Only a few new detection techniques have been suggested. Observation 
of changes in phase of a low-frequency radio wave appears to be a sensitive 
measure of changes in ionospheric ionization—how sensitive remains to be 
determined. Balloon- or aircraft-borne instrumentation appears to be a pos- 
sible method for detecting y rays. The sensitivity of this approach is less 
than for satellites, because of atmospheric absorption of y rays. Moreover, 
the feasibility of maintaining sufficient balloons or aircraft at high altitudes 
to permit continuous observation of space is somewhat questionable. A par- 
ticularly interesting suggestion is to observe resonance scattering of sunlight 
from the debris of the exploding device. Preliminary estimates suggest that 
this approach has no better detection capability than other techniques, but 
considerably more research is necessary. 
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HEAVY-ION ACCELERATORS! 


By Epwarp L. HUBBARD 
Lawrence Radiation Laboratory, University of California, Berkeley, California 


INTRODUCTION 


Since the pioneering work around 1930 that led to the disintegration of 
atomic nuclei by accelerated ions, much effort has been expended on the de- 
velopment of particle accelerators. The primary objective of this develop- 
ment has always been the acceleration of electrons, protons, deuterons, and a@ 
particles to higher and higher energies. Recent progress in the acceleration 
of these particles to high energies has been reviewed by Judd (1). 

Until recently relatively little work was done on the acceleration of ions 
heavier than helium. In 1940 Alvarez reported the acceleration of six-times- 
ionized carbon ions to an energy of 50 Mev in the 37-inch cyclotron at 
Berkeley (2). Further work with the 60-inch cyclotron at Berkeley led, in 
1950, to the detection of nuclear reactions produced with carbon ions by 
Miller and co-workers (3). Soon afterwards, the usefulness of accelerated car- 
bon ions for the production of transuranic elements was demonstrated by 
Ghiorso ef al. (4), and a paper pointing out the possibilities of nuclear re- 
search with accelerated heavy ions was published by Breit, Hull & Gluck- 
stern (5). The interest in research with heavy ions created by this work led to 
the acceleration of heavy ions with other cyclotrons designed for deuterons, 
and the construction of machines designed specifically for the acceleration of 
heavy ions. Carbon ions with an energy as high as 1.1 Bev have been pro- 
duced in the FM cyclotron at Chicago (6). However, the emphasis has been 
on the production of ions with energies of 10 Mev/A or less for use in low- 
energy nuclear physics experiments.” 

Review articles describing recent nuclear research with accelerated heavy 
ions have been published by Breit (7), Flerov (8), Fremlin (9), and Zucker 
(10). A detailed discussion of much of the recent work was presented at the 


1 The survey of literature pertaining to this review was concluded in January 
1961. 

2 The term “heavy ion” as used here refers to any ion heavier than helium, and by 
most standards the particles now being accelerated in heavy-ion accelerators would 
be considered light ions. The ions produced by a linear accelerator or a cyclotron with 
a fixed Hp all have the same velocity. Therefore the energy of the ions depends on their 
mass, but the energy per unit mass is the same for all ions. For this reason, the energy 
per nucleon in the nucleus of the ion (Mev/A) is a unit often used in heavy-ion work, 
rather than the total energy of the ions. When a beam current of multiply charged 
heavy ions is measured with a Faraday cup, the current reading must be divided by 
the charge on the ions to obtain a current representing the same number of particles 
per second as the same current of protons. However, experimenters in this field cus- 
tomarily do not divide by the charge, and the term “meter yua”’ is sometimes used to 
indicate this. 
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Second Conference on Reactions Between Complex Nuclei (11). In addition 
to their use in nuclear research, accelerated heavy ions are being used in bio- 
logical studies (12). 

The accelerator required for heavy ions is quite large if singly ionized ions 
are used. For example, a cyclotron that accelerates singly charged neon ions 
to 10 Mev/A would have at least 360-in.-diameter poles. A large reduction in 
the size of the accelerators results from the use of multiply charged ions. 
However, the higher the state of ionization of the ions, the more difficult it is 
to get a large beam from an ion source. Therefore, in some machines the ions 
are accelerated to a moderate energy in a low charge state and then stripped 
to a higher charge state by being passed through a thin layer of matter. The 
ion sources used for multiply charged ions and the techniques of electron 
stripping are discussed in the next sections before the various types of heavy- 
ion accelerators are described. 


Ion SOURCES 


Arc discharge sources—During the early experiments on the acceleration 
of heavy ions at Berkeley, spark-type ion sources similar to those used in 
spectroscopy were tried (13), and a source of this type has been used on the 
heavy-ion linac at Kharkov (14). However, for ions of elements available in 
gaseous form, larger beams are produced by arc-type sources, and this type is 
used in most heavy-ion accelerators. 

To produce ions in a given charge state, the electrons in the arc discharge 
must have an energy greater than the ionization potential of the electrons to 
be removed from the ion. The cross section for ionization reaches a maximum 
when the energy of the electrons in the discharge is three to five times the 
ionization potential. The ionization potentials of the ions commonly used 
in heavy-ion accelerators are listed in Table I. It is seen, for example, that 
the ionization potential for Ne*® is about 10 times that for hydrogen, while 
for Ne*!® the ratio is 100. The commonly used proton sources operate with 
rather low arc voltages and are not suitable for the production of multiply 
charged ions; therefore, special arcs that operate with high arc voltages have 
been developed for this purpose. 

The most successful sources of multiply charged ions use a dc discharge 
that is collimated by a magnetic field. The ionizing electrons make multiple 
traversals through the discharge as in a Penning or Phillips ionization gage 
(PIG). Figure 1 is a sketch of the source developed for the cyclotron at Mos- 
cow by Morozov, Makov & Ioffe (15). One of the cathodes is heated by elec- 
tron bombardment and emits thermionic electrons. With an arc voltage of 
750 to 800 v and arc currents of 4 to 5 amp, beams of 0.1 ma of N** and 2 
ma of Nt are produced. A similar source was built recently by Papineau, 
Benezech & Maillard (15a). 

Sources of this type that depend on secondary emission of electrons from 
cold cathodes to sustain the discharge were developed for the Oak Ridge 63- 
inch cyclotron by Jones & Zucker (16) and for the heavy-ion linear accel- 
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TABLE I 
IONIZATION POTENTIALS (VOLTs) 















































Charge H He B c N Oo F Ne Si Ss A 
1 13.5 24.5 8.3 11.3 14.5 13.6 17.4 21.6 8.1 10.4 15.8 
2 54.1 25.0 24.4 29.6 35.1 35.0 41.1 16.3 23.4 27.6 
3 37.8 47.9 47.4 54.9 62.6 63.4 33.5 34.7 40.9 
4 258.1 64.5 77.4 77.4 87.2 97.2 45.1 47.3 59.8 
5 338.5 392.0 97.9 113.9 114.2 126.4 166.7 72.5 75.0 
6 498.8 551.9 138.1 157.1 157.9 205.1 88.0 91.4 
7 666.8 739.1 185.1 207.3 246.4 281.0 124.2 
8 871.1 935.6 239.0 303.7 328.8 143.5 
9 1102 1196 351.0 379.0 422.6 

10 1360 401.3 448.6 480.0 
11 476.0 506.4 539.5 
12 }523.2 564.6 621.1 
13 2436 «©=6 651.7 688.5 
14 2666 706.4 755.5 
15 3220 854.4 
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Fic. 1. Schematic drawing of the Penning ionization gauge (PIG)-type ion 
source used in the 150-cm cyclotron at Moscow (15). 
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erators at Berkeley and Yale by Anderson & Ehlers (17). The Oak Ridge 
source produces several ma of Nt* with an arc voltage of 600 v and 3 to 5 amp 
of arc current. The Berkeley—Yale source operates with 1 kv arc drop and 1.5 
amp arc current and produces ma beams of many ions in the He-Ne mass 
region with e/m>0.15.3 

Jones & Zucker also developed a source using a hot filament (16, 18). In 
this source the lower cathode in Figure 1 is omitted, and the electrons emitted 
by the filament are used to sustain the discharge. The upper cathode is 
allowed to float instead of being held at a fixed negative potential. With 250 
v of arc voltage and 3.5 amp of arc current this source produces a few ma of 
N*? ions. 

Figure 2 shows how the number of argon ions produced in various charge 
states by the Berkeley source depends on the arc current. Similar curves were 
obtained for nitrogen ions by Morozov, Makov & Ioffe (15). The rapid in- 
crease in the yield of ions in higher charge states with higher arc current sug- 
gests that several ionizing collisions are involved in the formation of multiply 
charged ions and that single collisions in which several electrons are removed 
are relatively unimportant. 

The fraction of the ions in higher charge states is also increased by lower- 
ing the pressure in the discharge. Curves showing this effect have been pub- 
lished by Morozov, Makov & Ioffe (15). The processes responsible for this 
effect seem to be the capture of electrons in collisions with neutral gas atoms 
in the discharge chamber and the change in mean free path (and therefore 
the energy) of the ionizing electrons. It is difficult to determine the gas pres- 
sure in the discharge chamber, but estimates indicate that it is of the order 
of 1 uw with the gas consumption in the operating region of about 1 cc/min (at 
atmospheric pressure). The high gas flow used by these sources and the low 
pressure needed in the region outside the source to prevent capture of elec- 
trons by the multiply charged ions mean that high-speed vacuum pumping is 
required. 

The ions are extracted radially through a slit in the side of the anode. 
Ions from the slit are accelerated by the extractor electrode. In cyclotrons, 
the extractor is mounted on the dee and the radiofrequency (rf) voltage on 
the dee is used for extraction of ions from the source. In the linear accelerators 
at Berkeley and Yale, a dc voltage of about 15 kv is applied to the extractor 
electrode. 

PIG discharges have also been used as proton sources for linear acceler- 
ators (19). In these sources, the protons are extracted in the axial direction 
through a hole in a cathode. In preliminary experiments this type of extrac- 
tion of heavy ions at Berkeley and Manchester did not yield as favorable a 
ratio of multiply charged ions to singly charged ions as did the sources using 
radial extraction. Radial extraction also has the advantage that the magnet 


8 In this article the charge-to-mass ratio e/m of the ions is expressed in units of the 
charge-to-mass ratio of the proton. 
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Fic. 2. Yield of multiply charged argon ions as a function of the arc current. The 
data were obtained by Gavin, using a constant arc drop of 1000 v in the Berkeley 
source. (B. F. Gavin, private communication.) 


used to collimate the PIG discharge separates the ions to be accelerated 
from the ions in other charge states. Elimination of ions with the wrong 
charge reduces the space-charge defocusing in the accelerating column of the 
dc injector accelerator. However, radial extraction has the disadvantage that 
the beam is astigmatic. 

As in all types of ion sources, good performance depends on a number of 
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details, many of which are not clearly understood. For instance, Anderson & 
Ehlers tried many different cathode materials and chose tantalum and 
titanium as the best. Jones & Zucker also used tantalum, but Morozov et al. 
used tungsten in the heated cathode and molybdenum in the cold one. For 
elements available in the gaseous state only in compounds, different com- 
pounds give different performances. Compounds that work well for some 
commonly used ions are BF; for boron and fluorine ions, CO¢ for carbon ions, 
and H.S for sulfur ions. 

In linear accelerators where the rf accelerating fields are pulsed with a 
duty factor of about 3 per cent, the life of the source is increased by pulsing 
the arc discharge. The problems encountered in pulsed operation and their 
solutions are described by Anderson & Ehlers (17). 

A different type of arc discharge, similar to the duoplasmatrons that are 
coming into wide use as proton sources, has been used by von Ardenne to pro- 
duce multiply charged ions (20). In operation with an arc drop of 750 v, 0.95 
ma of N*t* and 0.06 ma of Nt ions were obtained during a 10-yusec pulse. 
These yields are not quite as large as those obtained from the PIG sources, 
and the use of this type of source in a heavy-ion accelerator has not been re- 
ported. 

Sources for tons of solid materials ——In the PIG discharge sources of the 
type shown in Figure 1, bombardment of the cathodes by ions in the dis- 
charge causes the cathode material to be sputtered away. Ions of the sputtered 
cathode material are observed in the beam extracted from the source. For 
most materials the beam currents obtained are too small to be useful. How- 
ever, Anderson has used this method to obtain 1-ma beams of singly charged 
8Li and 0.1 ma of doubly charged *Li from the ion source at Yale (21). The 
lithium was loaded into a pocket in the lower titanium cathode, and the 
source was operated in the usual way, using nitrogen to sustain the discharge. 
Boron nitride insulators were used in the source since they are not damaged 
by lithium vapor. The ®Lit ions have a high enough charge-to-mass ratio to 
be accepted by the Yale linear accelerator. 

A 0.5-ua beam of singly charged lithium ions has been obtained from 
a standard rf ion source by Cornides, Roész & Siegler (22). The rf discharge 
was produced in hydrogen, and then lithium was introduced from a heated 
tube on the side of the discharge chamber. 

When certain lithium compounds are heated to temperatures over 
1000°C, singly charged lithium ions are emitted. This phenomenon has been 
used for many years to make lithium ion sources. Recently, using a source 
of this type, Norbeck obtained 5 to 10 wa of lithium ions from an electrostatic 
accelerator (23). A powder of the mineral 6-eucriptite, a lithium-aluminum 
silicate eutectic mixture, was suspended in amyl acetate and painted onto a 
filament. 

The methods used to produce lithium ions can also be used for heavier 
alkali metals, but the charge on the ions is too small for them to be used in 
resonance accelerators. 
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ELECTRON STRIPPING 


Equilibrium charge distribution—When fast ions pass through matter, 
they lose and capture electrons in collisions with atoms of the material they 
are going through. The way in which a beam of 8.7-Mev O** ions changes 
charge while passing through argon is illustrated in Figure 3. The distribu- 
tion of the ions among the various charge states changes until equilibrium is 
established between capture and loss of electrons. After the ions have gone 
through enough stripping material to establish equilibrium, no further 
change in the charge-state distributions occurs as they pass through more 
material. Equilibrium is reached before any significant degradation of the en- 
ergy or multiple scattering of the ions takes place. 

The ratio of the capture to the loss cross section for a given electron de- 
pends on the orbital velocity of the electron within the ion and the velocity 
of the ion. The electron-loss cross sections are greater than the capture cross 
sections if the ion velocity is larger than the orbital electron velocity, and 
vice versa. If the ion velocity equals the orbital velocity of a given electron, 
the capture and loss cross sections are nearly equal, and at equilibrium some 
of the ions will carry this electron and some will not. Using an approximate 
form of the Fermi-Thomas distribution of orbital electron velocities, Bohr 
obtained the formula @/Z =v/(v9Z/*) for the average charge é carried by a 
beam of ions at equilibrium (25). In this equation, v is the ion velocity, v9 is 
the velocity of the electron in the ground state of hydrogen, and Z is the 
atomic number of the ion. 

For ions in the mass region carbon to neon, Bohr’s formula gives values 
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Fic. 3. Stripping of a beam of 8.7-Mev O** ions in argon (24). 
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of é that are too high, especially for highly ionized ions. Brunings, Knipp & 
Teller (26) have used two methods for determining the appropriate orbital 
electron velocities and obtained more complicated relations between é/Z 
and v/Z?/3, An empirical-empirical relation between @/Z and v/Z?/* was ob- 
tained from experimental equilibrium charge distributions by Papineau (27). 
Papineau’s curve, extended to higher energies with the data of Heckman et 
al, (28), is plotted in Figure 4, with the energy per nucleon in the abscissa. 

For many light ions, the ratio e/m which determines the parameters of 
the accelerator is equal to half the ratio e/Z. For these ions, the energy per 
nucleon required for stripping to a given e/m increases as Z‘/*, For heavier 
ions, in which e/m becomes less than half e/Z, the stripping energy increases 
as a slightly higher power of Z. At a given velocity, @/m decreases with the 
mass of the ion. Therefore, the choice of the velocity at which stripping is 
done in an accelerator can be optimum for only one ion. For lighter ions, the 
accelerator is larger than is necessary and for heavier ions a large fraction of 
the beam is not stripped to a high enough e/m and is lost. 

As shown in Figure 3, most of the stripped beam is distributed over three 
charge states. As a result, some loss of beam occurs unless the section of the 
accelerator that follows the stripper accepts the beam in more than one 
charge state and unless the lowest charge accepted is one charge lower than 
the average charge. 

There is some evidence that the average equilibrium charge 2 is slightly 
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Fic. 4. Dependence of the average equilibrium charge é on the energy per nucleon, 
E/A, of ions of atomic number Z. For comparison, the values given by Bohr’s formula 
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higher for solid stripper materials than for gaseous ones (29, 30). According to 
Bohr & Lindhard (31), stripping should be more probable in solid materials 
because many of the electrons of the ion are in excited states, whereas in 
gases there is sufficient time between collisions for the ions to return to the 
ground state. There are also some indications of a slight dependence of é on 
the atomic number of the stripper material. However, the dependence of é on 
the stripper material is not large enough to be important in the choice of a 
material to be used in a stripper for an accelerator. 

The experimental equilibrium charge distributions determine only the 
ratios of the capture to the loss cross sections. To determine the thickness of 
stripper material required, it is necessary to know the absolute values of the 
cross sections. The absolute cross sections can be determined from measure- 
ments of the charge distributions under nonequilibrium conditions. However, 
only a few experiments of this type have been performed (24, 32, 33). 

Cross sections for capture and loss of electrons by oxygen, neon, phos- 
phorus, and argon ions passing through argon have been calculated by Gluck- 
stern in the energy range from 0.2 to 1.2 Mev/A (34). The calculated loss 
cross sections are in good agreement with experiment, but the capture cross 
sections are too high. The theory does not consider collisions in which more 
than one electron is exchanged, although Gluckstern suggests that these may 
be significant. To determine the thickness of stripper material needed, one 
can use the velocity dependence of the cross sections obtained by Gluckstern 
together with the experimental measurements available and get a fair esti- 
mate. For ions in the nitrogen-to-neon region with 1 Mev/A, about 10 ug/cm? 
of stripper material is sufficient. 

Foil strippers ——A stripper 10 yg/cm? thick introduces an energy spread 
of the order of 10-> Mev/A, and the root mean square multiple scattering 
angle is of the order of 0.1 degree. These values are considerably smaller than 
the acceptance limits of an accelerator following the stripper. However, if the 
stripper is more than 100 ywg/cm? thick, the multiple scattering angle begins 
to be an appreciable fraction of the angular acceptance. 

Although in principle a foil is the simplest kind of stripper one can use, 
some difficulty is involved in making foils less than 100 g/cm? thick that will 
stand up in an intense beam of ions. However, several laboratories have suc- 
ceeded in producing suitable foils and are using them for strippers in accel- 
erators. 

Nickel foils 45 ug/cm? (500 A) thick are available commercially from the 
Chromium Corporation of America (35). The nickel is electrodeposited on a 
0.1-mil copper backing which can be removed with activated chromic acid. 
Nickel foils of this type were used at first on the Yale heavy-ion accelerator, 
but they were later abandoned in favor of aluminum oxide foils. 

Aluminum oxide foils are prepared by anodizing a thin sheet of aluminum 
(36). The oxide coating is removed from one side of the anodized sheet with 
NaOH, and then the excess aluminum is removed with HCI. Foils with thick- 
ness from 25 to 250 wg/cm? (700 to 7000 A) can be prepared this way. The 
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thickness of the oxide layer is determined by the anodization voltage and is 
independent of the electrolytic concentration. Aluminum oxide foils 40 ug/ 
cm? thick stand up for weeks in the Yale accelerator. 

Carbon foils from 4 ug/cm? to 1 mg/cm? (200 A to 5u) thick can be pre- 
pared by evaporating carbon from a carbon arc. The carbon is evaporated 
onto a glass plate and then the film is floated off on water. Carbon foils 5 ug/ 
cm? thick used for stripping in the Harwell tandem electrostatic accelerator 
stand up in the beam almost indefinitely (37). 

Gas strippers.—A gas-filled chamber with an opening in each end and a 
differential pumping system has been used in many studies of the capture 
and loss of electrons. A gas-filled tube was used by Bittner to strip a beam 
of 400-kev Het! ions inside the high-voltage terminal of a Van de Graaff 
generator (38), and a system of this type is used for stripping in the tandem 
Van de Graaff accelerators at Chalk River and Aldermaston. 

To reach equilibrium in a gas-filled tube 20 inches long, a pressure of 
about 50 yw is required at the center of the tube. In a system where axial 
length is not limited or where a small-diameter tube can be used, a differen- 
tial pumping system is feasible. However, in a linac, where the axial length 
available is limited by phase debunching of the beam and the diameter of the 
beam tube is about half an inch, the differential pumping problem is severe, 
and systems of this type have not been used. 

Jet strippers——Stripping can also be done with a supersonic jet of gas 
directed transversely to the beam direction. If a jet of a condensable vapor 
is used, the problem of pumping out the gas introduced can be eliminated by 
collecting it on a cold trap. A jet of carbon dioxide was used to strip a beam 
of Het! ions from a Van de Graaff accelerator by Geller & Prevot (39). The 
carbon dioxide was solidified in the cold trap. 

The heavy-ion linac (Hilac) at Berkeley uses a jet of mercury similar to 
the one developed by Beringer & Rall (40). The mercury vapor is supplied to 
the jet nozzle from a boiler and then condensed to a liquid and returned to 
the boiler. For surface densities in the jet of 10 ug/cm? the boiler pressure is 
about 50 mm Hg, while the vacuum chamber surrounding the jet is at 10-5 
mm Hg. With a pressure drop this large, the jet is underexpanded for any 
practical nozzle design, and the jet expands into the low-pressure region. 
Therefore, it is necessary to put cold traps around the beam tube near the jet 
to prevent mercury from streaming into the linac cavities. Diffusion pump 
oil could be used in this type of jet; however, in linacs any oil that gets onto 
the drift tube surfaces increases the tendency to spark. 


D1RECT-CURRENT HIGH-VOLTAGE ACCELERATORS 


Conventional dc accelerators—The standard dc high-voltage accelerators 
that have been in use for many years accelerate any ion in any charge state. 
At Chicago, Minnesota, and Saclay, Lit ions accelerated in machines of this 
type are being used to study nuclear reactions with very light targets. The 
only unusual feature of these accelerators is the ion source discussed above. 
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For ions heavier than lithium, the energy is too low for the study of nu- 
clear reactions unless multiply charged ions are used. In principle, it would 
be possible to use one of the special sources for multiply charged ions. In a 
6-Mv Van de Graaff generator, ions with charge +5 would be accelerated to 
30 Mev. However, the sources for multiply charged ions require more power 
and more space than is customarily available in such a machine. Moreover, 
these sources need frequent maintenance, which would be inconvenient for a 
source located in a pressure vessel. For these reasons, the use of the standard 
dc machines for ions heavier than lithium has been very limited. 

Tandem Van de Graaff accelerators—When a very-low-energy beam of 
atomic ions passes through matter, many of the ions capture electrons. Most 
of the ions in the equilibrium charge distribution are neutral, but a few of 
them carry a negative charge. Also, when a beam of molecular ions is dissoci- 
ated by being passed through matter, some of the atomic ions formed are 
negative. Negative ions formed in either of these processes can be accelerated 
from ground to the positive high-voltage terminal of a dc accelerator. In the 
high-voltage terminal, electrons can be stripped off and the resultant positive 
ions accelerated from the terminal back to ground. This type of accelerator 
was first suggested by Bennett in 1937 (41), but little interest in the idea de- 
veloped until the possibilities were pointed out again by Alvarez in 1951 (42). 
The first Van de Graaff accelerator using this principle was built by the High 
Voltage Engineering Corporation for the laboratory at Chalk River (43). 
Recently, other machines of this design were put into operation at Florida 
State University and the University of Wisconsin. Similar accelerators built 
by Metropolitan-Vickers are in use at Aldermaston and at Harwell (44). 
Several more machines of this type, now known as ‘‘tandem”’ Van de Graaff 
accelerators, are under construction. 

One of the advantages of the tandem Van de Graaff over the conven- 
tional one is that the ion source and its associated equipment are at ground 
potential where there is no limitation on the space or power available. An 
ion source that produces 25 wa of negative ions was developed by Weinman & 
Cameron (45). Positive ions are produced in a PIG discharge using a hot 
filament and axial extraction. The extractor electrode is a tube with hydro- 
gen introduced into the center of it. About 2 per cent of the positive ions ex- 
tracted at 10 kev are converted to negative ions. The yield of negative ions 
from dissociation of molecular ions turned out to be larger than the yield from 
capture by atomic ions. Fogel, Koval & Timofeev used a similar ion source 
with a mercury jet and obtained 40 wa of O~ ions (46). The British machines 
use a rf source developed by Collins & Riviere (47). The negative ions are 
produced by introducing gas into the exit canal. The Chalk River machine 
also uses a rf source. 

The negative ions are magnetically separated from other components of 
the ion source beam and accelerated to an energy of from 40 to 120 kev be- 
fore entering the accelerating column of the Van de Graaff. In the machines 
that use gas strippers in the high-voltage terminal, the gas is pumped down 
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the high-energy accelerating column to avoid stripping the negative ions in 
the low-energy column. 

To date, oxygen ions have been used for most of the heavy-ion work with 
tandem accelerators. However, carbon ions have also been accelerated at 
Chalk River, and it is expected that a large variety of ions will eventually be- 
come available.‘ In a 6-Mv tandem Van de Graaff accelerator, a large fraction 
of the negative oxygen ions is stripped to the +5 charge state in the high- 
voltage terminal, and the final energy is 36 Mev. For energies below 36 Mev, 
the tandem Van de Graaff accelerators have the advantages over resonance 
accelerators of continuously variable energy and precision energy control. 
Beam currents of a few tenths of a wa are available with a yg-in diameter. 

A further extension of the tandem scheme that uses two high-voltage gen- 
erators, one positive and one negative, is now under development. The nega- 
tive ion source is mounted in the negative high-voltage terminal. The nega- 
tive ions are accelerated to ground, then to the positive high-voltage termi- 
nal, where they are stripped, and then to ground again. With 6 Mv on each 
terminal, the ions would have 12 Mev at the stripper, and a good yield of 
Ot ions should be obtained. The final energy of the oxygen ions would be 48 
Mev, or 3 Mev/A. 


CYCLOTRONS 


Cyclotrons using stripping—The radiofrequency for many fixed-fre- 
quency cyclotrons is chosen for the acceleration of deuterons and a particles 


which have an e/m of 4. Completely stripped ions of !*C, *N, !°O, and 2°Ne 
also have an e/m of $ and can be accelerated in these machines. Completely 
stripped ions of *C were used in the early cyclotron experiments of Alvarez 
(2), Tobias (48, 49), and Condit (50, 51). The ion sources in use at that time 
operated with an arc voltage of 200 volts. As seen in Table I, the electrons 
in the arc were well below the ionization potential for the sixth electron in 
carbon. Tobias suggested that the completely stripped ions were produced 
by high-energy electrons that oscillate between the dees. 

When further ion source development (13) still did not yield enough ex- 
ternal carbon beam to permit detection of nuclear reactions, bombardments 
using the internal circulating beam were tried. Not only were nuclear trans- 
mutations detected, but also the yield indicated that the circulating beam of 
carbon ions was 10% to 104 times greater than the external beam (52). The 
ratio of circulating beam to external beam for light ions such as deuterons 
was about 10 to 1 at that time. The reason for the low efficiency of the de- 
flector for Ct* ions turned out to be a large spread in the energy at the de- 
flector radius. The intensity of the C*® beam increased rapidly for lower en- 
ergies, and only the high-energy tail of the energy distribution received the 
right amount of deflection in order to go through the external beam channel. 

The early experiments of Condit (50, 51) had established the existence of 


4 The recent use of He ions in a tandem accelerator indicates that small beams 
of ions of even the noble gases are possible (66). 
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a Ct? beam accelerated with the third harmonic of the orbital frequency of 
the ions equal to the cyclotron radiofrequency. Further experiments led to 
the conclusion that the C*® ions were formed from C* ions that were pre- 
accelerated by harmonic acceleration and stripped in collisions with residual 
gas atoms in the cyclotron tank (52). After an electron has been lost, the 
center of curvature of the ion’s orbit would not be at the center of the cyclo- 
tron, and the orbital motion would not be synchronized with the dee voltage. 
As the ions crossed the dee gaps they would sometimes be accelerated and 
sometimes decelerated. Some of the ions would undergo further collisions 
while their energy was high enough to produce C** ions. Some of the Ct ions 
formed in this way would be accelerated to full radius, but ions formed 
at different points in the cyclotron would have orbits with different centers 
of curvature and reach a given radius with different energies. Subsequent 
experiments with the acceleration of heavy ions in the 60-inch cyclotron at 
Birmingham by Walker and associates (53, 54) support this explanation of 
the production of high-energy Ct® ions. It is possible, however, that the 
high-energy electrons between the dees are significant in the stripping proc- 
ess. 

This method of accelerating heavy ions in cyclotrons designed for deu- 
terons has also been used at Stockholm (55) and Saclay (56). Further work at 
Berkeley resulted in internal beams of 0.2 wa of carbon ions with energy 
greater than 100 Mev, and an external beam of 0.001 wa of 120-Mev carbon 
ions (57). By increasing the magnetic field of these cyclotrons above the de- 
sign values, smaller beams of high-energy Nt®, Ot, and Ne*® ions have been 
obtained. 

At full radius, the intensity of the 1-Mev/A beam of doubly charged ions 
is about 500 times the intensity of the high-energy +6 beam, and the heat- 
ing of internal targets by it is a serious problem. The large energy spread in 
the internal beam makes it impossible to do precise experiments, and the ex- 
ternal beams are too small for most experiments. For these reasons, this 
method of accelerating heavy ions has largely been abandoned since the ad- 
vent of accelerators designed specifically for heavy ions. 

Cyclotrons without stripping Since no method for stripping in a con- 
trolled manner in a cyclotron has yet been developed, several laboratories 
have built cyclotrons that accelerate multiply charged ions obtained di- 
rectly from the ion source. After leaving the source, the ions are accelerated 
in the conventional manner. 

The 120-cm cyclotron at the Physical-Technical Institute in Leningrad 
(58) and the 63-in. cyclotron at Oak Ridge (59) have accelerated triply 
charged nitrogen ions for some time. At Leningrad 0.5 wa of 16-Mev N** ions 
is obtained on a 3-mm-diameter external target. At Oak Ridge the energy of 
the external beam is 28 Mev and the current is 2 wa. Recently, quadruply 
charged ions of carbon, nitrogen, oxygen, and neon have been accelerated in 
the Leningrad cyclotron (60). Energies up to 40 Mev are obtained, and the ex- 
ternal beam current varies from 10~® to 3X10~7 amp. These machines have 
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proved very useful for the study of Coulomb and nuclear interactions with 
light elements. 

At the Atomic Energy Institute in Moscow, the ion source developed by 
Morozov, Makov & Ioffe (15) has been used with a 150-cm cyclotron to 
accelerate Nt® ions to 110 Mev or 7.8 Mev/A (8). A circulating beam of 1 
pa is obtained, but an external beam has not been reported. C*4 and Oté 
have also been accelerated to 8 Mev/A. This machine has been used for 
many studies of nuclear reactions with heavy targets, but the necessity of 
using the internal beam has limited the complexity of the experiments. The 
Moscow group has recently moved to Dubna, where it is building an im- 
mense cyclotron designed to produce large currents of carbon, nitrogen, and 
oxygen ions with energies of 12 Mev/A. 

Advances in cyclotron technology made in the last few years have led to 
the initiation of several projects to build cyclotrons that can be used to ac- 
celerate heavy ions to energies up to 10 Mev/A. The development of cyclo- 
tron rf systems whose frequency can be varied over a wide range, and of mag- 
nets whose field can be varied between wide limits, allows the acceleration 
of ions with a wide variety of e/m values. Also, the energy of the ions at the 
entrance to the deflector channel can be varied to obtain a variable-energy 
external beam. The use of azimuthally varying magnetic fields allows these 
machines to be used also for the acceleration of light ions to relativistic en- 
ergies without frequency modulation and the resultant loss in beam inten- 
sity. Very versatile cyclotrons of this type with pole diameters of 76 inches 
and 88 inches are nearing completion at Oak Ridge and Berkeley, respec- 
tively. A detailed account of these and many other new cyclotrons is given 
in the proceedings of the Conference on Sector-Focused Cyclotrons (61). 


LINEAR ACCELERATORS 


Introduction.—Standing-wave linear accelerators of the type Alvarez de- 
veloped for protons (62) have several advantages over cyclotrons for the ac- 
celeration of heavy ions. The size and complexity of the ion source are not 
as restricted. Stripping can be used without the large loss in intensity and 
the large energy spread that occur with stripping in a cyclotron. It is easier 
to obtain a well-focused mono-energetic external beam. Ions with different 
e/m can be accelerated by changing only the rf voltage, whereas in a cyclo- 
tron a variable-frequency rf system or a magnet that retains the proper field 
shape at different field strengths is required to accomplish this. 

Very similar linear accelerators that produce beams of heavy ions with 
10 Mev/A are in operation at Berkeley and at Yale University (63), and a 
somewhat different machine is operating at the Physical-Technical Institute 
in Kharkov (14). The injection system for a fourth heavy-ion linac is op- 
erating at Manchester, and the main part of the linac is under construction. 

Radiofrequency cavities —The main part of these linear accelerators con- 
sists of a long cylindrical cavity resonator. Ions are injected into the main 
cavity with an e/m of about 0.3 and energy of about 1 Mev/A. The length 
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of the cavity required for energies of 10 Mev/A depends on the accelerating 
electric field that can be achieved without sparking, as well as the e/m of the 
ions. The sparking limit depends somewhat on the frequency of the rf fields. 
In the 70-Mc machines at Berkeley, Yale, and Manchester, the design value 
of the average electric field over the length of the cavity is 0.5 Mv/ft, result- 
ing in a cavity length of 90 ft. The Kharkov machine operates at 140 Mc 
with a higher average cavity field and uses a cavity 60 ft long. 

In the Kharkov machine, focusing is done with grids as in the early pro- 
ton linacs. However, since this accelerator has 101 drift tubes, the beam loss 
from interception by the grids is considerable. Because of the lower fre- 
quency, only 67 drift tubes are used in the main cavity of the Berkeley, Yale, 
and Manchester linacs. In these machines, interception of the beam by focus- 
ing grids is eliminated by the use of alternating-gradient focusing. The focus- 
ing fields are provided by quadrupole magnets placed inside the drift tubes. 
With this focusing system nearly all the beam injected is transmitted. 

To achieve the correct value of the accelerating fields at all points in 
long cavities such as these, it is necessary to control the dimensions to very 
close tolerances or to use a number of tuners. This problem is eased consid- 
erably in the Manchester design by dividing the main cavity into two sec- 
tions each 45 ft long. Dividing the cavity into sections also has the advantage 
that a half-energy beam can be obtained merely by turning off the rf field in 
the second cavity and allowing the beam to drift through it; the quadrupole 
magnets in the drift tubes of the second cavity can then be used to focus the 
beam drifting through it, and very little beam is lost in this process. 

The main cavity requires 2.5 Mw of rf power to excite it. The machines 
are pulsed to reduce the average rf power consumption. The length of the 
pulses is 400 wsec at Kharkov and 2 msec at Berkeley and Yale. The pulse 
rate is 10 to 15 pulses per second. At Berkeley and Yale the rf power is sup- 
plied by four large shielded-grid triodes, while at Kharkov it is supplied by a 
larger number of smaller tubes. 

Injection—Beam is injected into the linac at Kharkov with a 2.5-Mv 
Van de Graaff accelerator. The multiply charged ions are formed directly in 
the ion source. The charge states required are +4 for carbon and nitrogen 
and +5 for oxygen. These ions are injected into the linac with an energy of 
0.7 Mev/A. 

In the Berkeley-Yale and the Manchester designs, the ions are acceler- 
ated to the injection energy in a lower charge state and then stripped to an 
e/m of 0.3 or more before being injected into the main cavity of the linac. 
The large range of allowable synchronous phases resulting from the use of 
quadrupole focusing magnets in the main cavities permits the simultaneous 
acceleration of ions in several charge states to the same energy. 

At Berkeley and Yale the e/m of the ions before stripping must be at 
least 0.15. Therefore the ion source is required only to produce doubly 
charged ions for carbon and lighter ions, and triply charged ions in the 
nitrogen-to-neon region. In the Manchester machine the minimum e/m of the 
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ions from the source is }, and doubly charged ions can be used for ions as 
heavy as oxygen. 

The intense arcs used as sources of multiply charged ions require frequent 
maintenance work. The use of these sources in a pressure-insulated electro- 
static accelerator means that considerable time and effort is required each 
time access to the source is necessary. For this reason the Berkeley, Yale, 
and Manchester machines use Cockcroft-Walton accelerators, insulated with 
air at atmospheric pressure, for the first stage of acceleration. The ions are 
then accelerated with a short section of rf linac to the energy of 1 Mev/A 
required for stripping and injection into the main linac. This short linac is 
often referred to as the prestripper linac and the main linac cavity, as the 
poststripper linac. 

At Berkeley and Yale the maximum voltage of the Cockcroft-Walton 
accelerator is 470 kv and the energy of the ions injected into the prestripper 
linac is 70 kev/A. At this low input velocity the drift tubes become very 
short for the rf frequency of 200 Mc usually employed in proton linacs. The 
rf fields penetrate into the bore of the drift tubes, and the tubes lose their 
effectiveness for shielding the ions from the fields during the reverse part of 
the cycle. In addition, the space inside the drift tubes is too small for quadru- 
pole focusing magnets, and the magnetic fields required are very high. 

At the frequency of 70 Mc used at Berkeley and Yale, the length of the 
first drift tube in the prestripper is 1.7 in. With the 2-in. bore used, this 
length is sufficient to shield the ions from the rf field adequately, and it would 
be possible to fit a quadrupole magnet inside. However, when these accel- 
erators were designed there was little experience with alternating-gradient 
linacs. It was felt that if quadrupole magnets were used for focusing, a larger 
bore should be used and the radial motion should remain stable for all allow- 
able phases of the ions. Magnetic fields higher than those attainable were re- 
quired under these conditions. Therefore, focusing grids are used in the pre- 
stripper sections of these linacs. 

The diameter of the 70-Mc cavities used in the Berkeley and Yale linacs 
is 10 ft, and construction of cavities of the Alvarez type for lower frequencies 
is unattractive because of the large diameter of the cavities. Considerable 
work was done on the problem of injection into linacs at 70 kev/A during the 
development of the high-current linear accelerator at the Lawrence Radia- 
tion Laboratory in Livermore (64). 

One solution was the use of an Alvarez-type cavity with extra-long drift 
tubes, so that the ions cross an accelerating gap only once in every two cycles 
of the rf frequency. In this scheme, plenty of room for the focusing magnets is 
provided inside the drift tubes, but the loss of accelerating efficiency caused 
by penetration of the rf fields into the bore region is not improved. 

Another solution is to use a lower frequency and to keep the size down by 
using another type of cavity. In the first section of the high-current linac, 
the first two drift tubes were mounted on 24-Mc quarter-wave stubs. In 
Manchester, the prestripper linac is a 25-Mc Sloane-Lawrence accelerator. 
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These types of accelerators are not suitable for acceleration of ions to high 
energy because they require more rf power than the Alvarez type. However, 
the phase bunching is good enough for them to be used as injectors into a 
linac of the Alvarez type operating at a frequency that is a multiple of the 
frequency of the low-energy linac. In the high-current linac the main ac- 
celerator cavity operated at twice the frequency of the quarter-wave input 
section. At Manchester the frequency of the poststripper linac will be three 
times the frequency of the Sloane-Lawrence prestripper linac. The high 
voltage of the Cockcroft-Walton injector for this machine is only 200 kv, 
and the energy of the ions at injection into the prestripper cavity is 25 
kev/nucleon. 

Performance.—The total peak-beam currents during the pulse from the 
Berkeley and Yale linacs is in the neighborhood of 50 meter ya for ions? in the 
boron-to-neon region. For a pulse rate of 15 pulses per second the total-time 
average beam is 1.7 meter wa. About half of the total beam can be focused 
onto a }-in.-diameter spot. Because the multiply charged ions must be formed 
in the ion source rather than in a stripper, and because of the interception of 
beam by the large number of focusing grids, the beam current from the ma- 
chine in Kharkov is somewhat smaller. Work on the installation of a stripper 
and alternating-gradient focusing on this machine is under way. 

Although ions as heavy as argon can be accelerated in the Berkeley and 
Yale machines, the beam current is lower by a factor of 50 than it is for ions 
in the boron-to-neon region. The reasons are that the yield of the At ions 
required from the ion source is smaller than the yield of the doubly and triply 
charged lighter ions and that the velocity at the stripper is too low to strip a 
large fraction of the argon ions to the +12 charge state required for accelera- 
tion in the poststripper linac. Stripping at a higher velocity in these machines 
would increase the beam interception on the focusing grids in the prestripper 
linac and result in smaller beams of the lighter ions. 


FUTURE POSSIBILITIES 


Variable energy—The tandem Van de Graaff accelerators already offer 
variable-energy beams in the lower energy region. Cyclotrons that produce 
variable-energy external beams of light ions have been in operation for sev- 
eral years and the application of the same principles to heavy-ion cyclotrons 
seems straightforward. It is possible to vary the energy of a linac in discrete 
steps by dividing it into several separate cavities and turning off the rf power 
in one or more of the cavities at the output end. In the last cavity of the 
linac at Manchester, it is planned to install a movable diaphragm that will 
cut off the rf field in the output end of the cavity. This system will allow 
variation of the energy in steps equal to the energy gain in one accelerating 
gap or about 200 kev/A. A similar proposal is being studied at Berkeley. 

Higher currents——External beam currents of 2 wa of 28-Mev N?* ions 
have been obtained from the 63-inch cyclotron at Oak Ridge. Similar cur- 
rents at higher energies should be obtained from the larger cyclotrons that 
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are being built. Larger currents could be obtained from a cyclotron by ac- 
celerating ions with a lower charge, but for high energies the size of the mag- 
net required makes this approach unattractive. 

The Livermore high-current linac was not pulsed, and produced time-av- 
erage beam currents of 200 ma of 0.5-Mev protons (67).5 Although beam 
currents of heavy ions as large as this do not appear practical with the 
present technology, the average beam currents from the Berkeley and Yale 
machines could be increased by a factor of 30 by supplying enough rf power 
to operate them constant-wave. Experience with alternating-gradient linacs 
obtained during the last few years indicates that it would be possible to put 
quadrupole magnets in the prestripper cavities of these machines. Elimina- 
tion of beam loss on the grids should increase the beam transmitted by a 
factor of about six. Use of higher-voltage dc injectors for linacs, and further 
exploitation of the techniques of low-velocity rf acceleration used in the high- 
current linac, would lower the e/m required of the ions from the source and 
give increased beam currents, especially of ions heavier than neon. These 
techniques could also be used to accelerate ions that are heavier than argon. 

Higher energies——Acceleration of heavy ions to energies higher than 10 
Mev/A in a cyclotron involves the use of a very large and expensive magnet. 
The extension of linear accelerators to energies of 20 to 30 Mev/A appears 
straightforward. Above these energies, the linacs become too long and the rf 
power consumption too high to be very attractive, although use of linac cav- 
ities of the Alvarez design appears possible for energies up to a few hundred 
Mev/A. 

The use of a linac to inject fully stripped heavy ions into a cyclotron or 
synchrotron has been suggested by Tobias (65). The feasibility of building a 
synchrotron to accelerate heavy ions to energies in the region of 125 Mev/A 
for use in biophysical research is being studied at Berkeley. 


5 When protons were accelerated to the full energy of 3.7 Mev, it was necessary 
to limit the beam current to 30 ma to avoid exceeding the maximum power dissipa- 
tion on the target of 30 kw/in.? (68). 
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ISOTOPE EFFECTS IN CHEMICAL REACTIONS! 


By Ratpu E. WEsTON, JR.? 


Chemistry Department, Brookhaven National Laboratory, 
Upton, Long Island, New York 


The isotope effects to be discussed in this article are those which result 
from differences in atomic masses, with a subsequent alteration of molecular 
partition functions. For a chemical system at equilibrium, the framework for 
the theory of such effects is provided by statistical thermodynamics. This is 
the procedure by which microscopic properties of individual molecules 
(vibrational force constants, molecular configurations, and atomic masses) 
can be converted to macroscopic properties of the system (free energy, 
entropy, etc.). The feasibility of making such a computation depends on the 
availability and accuracy of molecular data; the shortcomings of the latter 
make the experimental study of isotopic systems at equilibrium a subject of 
continuing interest. In particular, the statistical thermodynamics of systems 
with strong intermolecular interactions, i.e., condensed phases, is in a far 
from satisfactory state. It isin this region that one may expect to see the most 
active interest in equilibrium isotope effects. 

The extension of statistical mechanical methods to chemically reacting 
systems has been made through the transition state method, which is a quasi- 
equilibrium approach to the problem. The principles are the same as those of 
the equilibrium case; the application of these is more difficult since it requires 
a knowledge of ‘‘molecular”’ properties of that elusive beast, the activated 
complex. Influenced by this fundamental difficulty, as well as by differences 
in scientific taste, work on kinetic isotope effects lies somewhere between two 
extremes. At one end of the spectrum is the work in which such effects are 
used in a qualitative way to aid in the elucidation of a reaction mechanism; 
at the other end is the type of study in which a detailed knowledge of a 
transition state is sought. 

The most recent review article with this same title to appear in the An- 
nual Review of Nuclear Science was published in 1953, and the last general 
review included in the Annual Review of Physical Chemistry appeared in 
1956. Obviously the above title is more all-inclusive than it deserves to be, 
and I have had to restrict the scope of the review to some particular aspects. 
Fortunately, some recent reviews have appeared which help to fill the re- 
maining gap. Numerous examples of isotope effect studies continue to appear 
in the Annual Review of Physical Chemistry, particularly in chapters on reac- 
tion kinetics. An excellent compilation of deuterium isotope effects appeared 


1 Literature through December 1960 was surveyed for this review. 

2 The preparation of this review was carried out in part under the auspices of the 
United States Atomic Energy Commission, and in part while the author was a 
visiting scientist at the Service des Isotopes Stables, Centre d’Etudes Nucléaires de 
Saclay, Gif-sur-Yvette (Seine-et-Oise), France. 
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in 1955 [Wiberg (1)], and I have tried to avoid duplicating this. A critical 
appraisal of both theoretical and experimental aspects of kinetic effects has 
appeared fairly recently [Bigeleisen & Wolfsberg (2)]. These authors stress 
particularly the relation between kinetic isotope effects and the transition 
state theory, and the accurate prediction of rate constants. A complemen- 
tary approach is taken by Melander in his recent book (3), since he is more 
interested in the application of such effects to the study of reaction mecha- 
nisms. This has the distinction of being the first book on the subject of 
kinetic isotope effects; in addition, it presents the theoretical background in 
an admirably clear and comprehensible style. 

Finally, a word of apology to both the neglected authors and readers for 
the large range of interesting topics which has not been included—isotope 
exchange systems (both kinetic and equilibrium measurements), many ex- 
amples of primary isotope effects, isotope separation methods, isotopic geo- 
chemistry—any one of which demands a review article of its own. 


SECONDARY ISOTOPE EFFECTS 


An increase in the utilization of an experimental method invariably 
stimulates interest in the more subtle aspects of the technique. Thus, in the 
field of isotope chemistry, secondary effects of isotopic substitution have at- 
tracted increasing attention during the past few years. In a primary effect, a 
bond involving the isotopic substituent is broken during the reaction; in a 
secondary effect, this bond remains intact. Secondary effects are generally 
smaller than primary ones, but in principle they should be calculable on the 
basis of the theory developed by Bigeleisen, which permits the a priori calcu- 
lation of an equilibrium or kinetic isotope effect provided all the necessary 
vibrational frequencies are known [cf., for example, Bigeleisen & Wolfsberg 
(2)]. This ideal situation is seldom attained, and one resorts to approxima- 
tions in the nature of educated guesses. This becomes particularly difficult 
when small effects are concerned; in particular, anharmonicity corrections 
may make significant contributions when hydrogen isotopes are involved. 

Wolfsberg (4) has made some interesting calculations for model systems 
in order to estimate a lower limit for secondary deuterium isotope effects. He 
has calculated partition function ratios for ethylene, ethylene-d,, and the 
corresponding hypothetical transition states with the force constant for the 
carbon-carbon stretching vibration set equal to zero. The force constants 
involving hydrogen motion were the same for the original molecule and the 
transition state. He finds a rate constant ratio ky/kp of 1.11 to 1.12 at 300°K, 
corresponding to AAFf of 16 cal/mole.* From a similar calculation for ethane 
and ethane-ds, AAFtf is 15 cal/mole. This gives some idea of the magnitude of 


8 The quantity AAFf is defined as (RT/n)ln (ku/kp), where n is the number of 
deuterium atoms per molecule. This function facilitates the comparison of experi- 
mental data obtained at different temperatures and for differing extents of isotopic 
substitution. At 300° K, with n=1, a value of 10 cal/mole for AAFf{ corresponds to 
ki/Rp of 1.017.. The corresponding function for an equilibrium is AAF. 
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the effect to be expected, if there is no change in the bonding of the hydrogen 
atoms in going from the ground state to the transition state. 

A different point of view has been suggested by Halevi (5), who has pro- 
posed that secondary effects result from a difference in the electron-donating 
capacities of hydrogen and deuterium atoms. Thus, for example, there is a 
measurable difference between the dipole moments of HCl and DCI (0.003- 
.007 Debye) or of NH3 and ND; (0.012-.015 Debye). Halevi has shown that 
this polarity difference can be accounted for by consideration of the change in 
dipole moment with internuclear distance (6). Because of the anharmonicity 
of molecular vibrations, isotopic substitution produces small changes in 
average internuclear distances. A small dipole moment (<10~* Debye) has 
also been estimated for the HD molecule by Blinder (7). 

A similar sort of phenomenon has been found in nuclear magnetic reso- 
nance spectroscopy, where deuterium substitution produces a small effect on 
observed chemical shifts [Tiers (8, 9), Kusumoto et al. (10)]. This has been 
explained by Gutowsky (11), again on the basis of a difference in mean inter- 
nuclear distances resulting from isotopic substitution. 

Halevi and co-workers (12, 13), using molecular-orbital wave functions 
obtained by the method of linear combinations of atomic orbitals, have at- 
tempted to calculate the effect of isotopic substitution on ground-state elec- 
tronic energies for toluene and toluene-a-ds, as well as for the ethylcarbonium 
ion and its methyl-deuterated analogue. They find that the effects of changes 
in the overlap integrals, and of nonbonding interactions are in opposing 
directions, so that it is difficult to estimate even the sign of the over-all effect. 

If Halevi’s approach implies a difference in electronic partition functions, 
this difference should be extremely small, according to the Born-Oppen- 
heimer approximation [Weston (14)]. More recently, Halevi has suggested a 
general relation between his inductive-effect model and the more conven- 
tional one (15). 

Still another point of view has been adopted by Bartell (16), who has 
suggested that secondary effects are caused by repulsions between non- 
bonded atoms. These repulsions will change with isotopic substitution and 
its resulting influence on mean internuclear distances. This is already taken 
into account as an effect on vibrational frequencies, provided that they are 
known with sufficient accuracy. It has been proposed that differences in 
molar volume produced by isotopic substitution can be calculated from 
amplitudes of vibration; these volume differences will produce a pressure 
dependence of equilibrium constants for isotope exchange [Joy & Libby 
(17)]. 

Secondary isotope effects on equilibrium constants——The equilibrium con- 
stants for the reaction 


B(CHs); + N(CHs)s = (CHs)sB:N(CHs)s3 


and the analogous reaction with B(CDs3)3 have been determined in the gas 
phase [Love et al. (18)]. The value of AAF=—17 cal/mole is explicable if 
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the vibrational frequencies of the methyl groups on boron are raised in the 
complex; this is reasonable in view of the change from a trigonal configura- 
tion to a more crowded tetrahedral one. 

Several dissociation constants of deuterated acids have been compared 
with those of the normal compounds. For formic acid and formic-d acid, two 
values have been found: AAF is 30 cal/mole [Ropp (19)] or 68 cal/mole 
[Bell & Jensen (20)]. Halevi & Nussim (21) have found AAF is 31 cal/mole 
for CsHs;CH2COOH compared with CsH;CD.2COOH; similar values are re- 
ported for acetic-d; acid and the benzyl-d:-ammonium ion [Halevi (15)]. 

The ionization constants for ion-pair formation from mono-p-methyl 
triphenyl methyl chloride and the corresponding methyl-d; compound in 
liquid sulfur dioxide have been determined [Lichtin et al. (22)] and are essen- 
tially the same. A similar comparison of ionization constants for (CgDs5)sCCl 
and (CsH;)sCCl leads to a value of —7 cal/mole for AAF [Kresge et al. (23)]. 
The direction of this effect is in agreement with observed frequency shifts 
(particularly in the out-of-plane C—H vibrations). 

The formation of carbonium ions in sulfuric acid from diphenylcarbinol, 
di-p-methoxyphenylcarbinol, p-chlorobenzaldehyde, and the analogous com- 
pounds deuterated in the @ position has been studied [Stewart et al. (24)]. 
From the equilibrium constants, values of AAF of 166 cal/mole, 99 cal 
/mole, and —55 +40 cal/mole are obtained. The explanation for this type of 
effect was first suggested by Streitwieser and co-workers (25) in connection 
with kinetic experiments. When the bonds around a carbon atom change 
from a tetrahedral (sp*) to a trigonal (sp*) configuration, the major change 
in the C—H vibrational frequencies is in one of the bending modes. In the 
trigonal configuration, this is an out-of-plane mode which is lower by about 
500 cm™ than the corresponding motion in the tetrahedral configuration. 
This would lead to an isotope effect with AAF equal to 180 cal/mole. The 
values cited above for the first two compounds are within this range; for the 
aldehyde, little change in the bonding is expected upon formation of the 
carbonium ion. 

Halevi & Nussim (26) have found an effect corresponding to a AAF of 
14 cal/mole in the formation of complexes between chloranil and toluene-a- 
d; or m-xylene-d3. A partial comparison of vibrational frequencies leads to a 
prediction in the opposite direction. 

The dissociation constants of the methanol hemiketal of acetone-dg in 
dioxane and of the methanol hemiketal of cyclopentanone-2,2,5,5-d, in meth- 
anol have been measured [Jones & Bender (27)]. The effects correspond to 
AAF of 25 cal/mole for acetone and 61 cal/mole for cyclopentanone. The 
authors relate them to an increase in hyperconjugation in going from the 
hemiketal to the ketone; this is in accord with substituent effects previously 
found for the stability of ketones relative to their cyanohydrin addition 
complexes. 

Effect of isotopic substitution in the a position on rate constants——Data 
from the large number of papers dealing with these effects in Sy1 solvolytic 
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reactions (in which the rate-determining step is the formation of a carbo- 
nium ion) are summarized in Table I. This type of effect has been exploited 
considerably in the two years since it was found by Streitwieser and co- 
workers (25). The explanation has been discussed in the previous section, 
and it will be noted that the values of AAFt in Table I are largely in the 
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EFFECT OF a-DEUTERIUM SUBSTITUTION IN Sy1 SOLVOLYSES 









































Substrate Solvent AAFY, cal/mole_ Ref 
Cyclopentyl-d p-toluenesulfonate Acetic acid 90 (25) 
Cyclopentyl-d p-toluenesulfonate Acetic acid 103 (28) 
Cyclohexyl-d p-toluenesulfonate Acetic acid 117 (28) 
Cyclodecyl-d p-toluenesulfonate Acetic acid 90 (28) 
Cyclopropylmethyl-d, benzenesulfonate Ethanol 102 (29) 
Cyclopropylmethyl-d, benzenesulfonate Acetic acid 86 (29) 
(CH3)2CD p-bromobenzenesulfonate Acetic acid 76 (28) 
C;HisCDCI(CHs) Methanol 60 (30) 
C,H;CH:CD, p-toluenesulfonate Formic acid 59 (31) 
C;H;CH2CDz p-toluenesulfonate Acetic acid 12 (31) 
C,H;CH2CDz, p-toluenesulfonate Acetic acid 55 (28) 
C,H;CHD -toluenesulfonate Acetic acid 72 (28) 
C.H;CD, p-toluenesulfonate Acetic acid 71 (28) 
(CsH;)2CHCDz, p-toluenesulfonate Acetic and formic 
acids 66 (32) 
b-MeOC,;H.CH2CD: p-toluenesulfonate Acetic and formic 58 
acids (32) 
p-MeC,H.CDCI(CHs) Aq. acetone 69 (33) 





range of 55 to 80 cal/mole. This relative constancy is to be expected if the 
proposed explanation is correct and if the substituent groups have little 
effect on the C—H bending frequencies. The effects are consistently larger 
for the reactions involving cycloalkyl groups, but there is no obvious reason 
for this. 

In the case of Sy2 solvolyses, where both the incoming nucleophilic 
agent and the leaving group are included in the transition state, the effects 
are relatively small and often inverse (ky <kp). Johnson & Lewis (30) have 
suggested that the decrease in AAFf with increasing Sy2 character results 
from a steric effect of entering and leaving groups, which raises C—H bend- 
ing frequencies in the transition state. 

For series of methyl-d; compounds hydrolyzing in water, values of —6 
to —32 cal/mole were found for AAFf [Llewellyn, Robertson & Scott (34)]. 
Robertson and co-workers (35) have also measured a effects for ethyl-dz 
(—12 to 12 cal/mole), isopropyl-d (32-75 cal/mole), and n-propyl-d2 (—6 
to 12 cal/mole) compounds undergoing hydrolysis. Steric effects arising 
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from nonbonded interactions appear to be the best explanation for these 
observations. 

Other related reactions include the reaction of methoxide ion with 
methyl-d; p-bromobenzenesulfonate, with an effect of —8 cal/mole (30), 
and the reaction of ethoxide ion with isopropyl-d bromide with no measur- 
able effect [Shiner (36)]. 

Since a normal (ky >kp) a-deuterium effect is found when there is a 
change from sp* to sp? in the carbon bond hybridization, an inverse effect 
should be found when the hybridization change is in the opposite direction. 
This has been confirmed by Seltzer (37), who found a AAFt of —43 cal/mole 
in the isomerization of maleic-d, acid catalyzed by thiocyanate ion. The 
transition state presumably involves bond formation to the ion with simul- 
taneous reduction in the bond order of the carbon-carbon bond. Similar 
effects (AAF{ ranging from —14 to —53 cal/mole) were found in several 
additions to the double bond in CSH;CD:CDC,H; [Denney & Tunkel (38)]. 
Conversely, in the bromination of biphenyl-4,4’-d2, a normal effect of 41 
cal/mole has been found [Berliner & Schueller (39)]; in the bromination of 
benzene-dg, no effect at all is found [De la Mare et al. (40)]. These last two 
reactions are examples of electrophilic substitution, in which the rate-deter- 
mining step is the formation of an intermediate. The resultant change in 
hybridization from sp* to sp* for one of the ring carbon atoms should favor 
an inverse effect. 

The rates of reaction of aniline-N,N-d2, aniline-2,4,6-d3, and aniline- 
2,4,6-N,N-d; with benzoyl chloride have been measured [Elliott & Mason 
(41)]. The effects of —45, —15, and —25 cal/mole were explained by an 
increase in both N—H and C—H frequencies upon quaternization of aniline. 
The quaternization of pyridine with methyl-t iodide is a similar example; 
in this case, ky /kr is 0.96 [Simon & Palm (42)]. The same authors report a 
value of ky/kr of 1.12 for the esterification of CH2TOH with p-nitrobenzoyl- 
chloride, and j2/ky, is 1.00 for the same reaction involving *CH;0H. While 
the mass of the methyl group is the same in both cases, there is no reason to 
expect the isotope effects to be equal. The formation of phenylhydrazones 
between B-naphthaldehyde-t and phenylhydrazine or p-nitrophenylhydra- 
zine gave relative rates (ky/kr) of 0.77 and 0.78; in the corresponding reac- 
tion between 3-phenylpropionaldehyde-1-t and p-nitrophenylhydrazine, a 
normal isotope effect (ky/kr=1.12) was found [Simon & Palm (43)]. There 
is no evident explanation for the difference in sign in these two cases. 

In the hydration of acetaldehyde-d, Pocker (44) has found that AAFf is 
—11 cal/mole. The direction is reasonable, since the slow step is believed 
to involve a change in the carbon bond configuration from trigonal to tetra- 
hedral. 

Secondary effects from isotopic substitution farther from the reaction cen- 
ter—The secondary deuterium effects which first attracted attention were 
found in Sy1 solvolyses of compounds substituted in the 6 position [Shiner 
(45), Lewis & Boozer (46)]. The generally accepted interpretation invokes 
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the effect of hyperconjugation in stabilizing the transition state, which re- 
sembles a carbonium ion; e.g., 


® ® 
CD;—CH—CH:—«< D CD; = CH—CH:— 


It is assumed that the no-bond resonance contributions will lead to a de- 
crease in C—H force constants, so that a normal isotope effect is to be ex- 
pected. The evidence for this interpretation has been summarized by Lewis 
(47) and by Shiner (48). Thus, substituent effects that parallel the expected 
contributions from hyperconjugation are found, isotope effects are trans- 
mitted across aromatic systems from the para position, and steric effects 
are important. A striking example of the latter is given by the substituted 
9,10-dihydro-9,10-ethanoanthracene: 


toy 


Huo. 


When both H.'s are substituted by deuterium, a normal effect of 46 cal/mole 
is observed in the solvolysis, but no effect is found when Hy and Hoare sub- 
stituted [Shiner (49)]. In the latter case, hyperconjugation involving the 
bridgehead carbon is essentially ruled out by steric considerations. The 
data in Table II also show that there are solvent influences, which tend to 
obscure the comparison of isotope effects in different systems. 

Further evidence for the hyperconjugation argument concerns the de- 
composition of p-toluene-a,a,a-d3-diazonium fluoborate [Lewis et al. (55)]. 
The observed effect is very small (—2.5 cal/mole), but in the expected 
direction, since the ground state can be stabilized by hyperconjugation, 
while symmetry considerations prohibit this in the carbonium ion produced 
in the slow step. 

In the base-catalyzed hydrolysis of ethyl acetate-d; an inverse effect of 
—22 cal/mole has been found [Bender & Feng (56)]. This is understandable 
in view of other evidence that hyperconjugation is less important for tetra- 
hedrally-bonded than for trigonally-bonded carbon, together with the 
formation of a tetrahedral intermediate in the rate-determining step of the 
hydrolysis. Similar arguments apply to the hydration of acetaldehyde- 
2,2,2-dz, with AAFt of —12 cal/mole [Pocker (44)]. The inverse of this 
situation is exemplified by the decomposition of diacetone alcohol to acetone; 
here the effect is 10 cal/mole [Pocker (57)]. However, for the basic hydroly- 
sis of methyl p-methyl-t-benzoate, an effect in the normal direction was ob- 
served, with ky/kr equal to 1.05 [Hodnett et al. (58)]. No effect was found 
for the acid hydrolysis of the same compound, which proceeds through a 
quite different intermediate. 
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TABLE II 


EFFECT OF B- AND y-DEUTERIUM SUBSTITUTION IN Sy1 SOLVOLYSES 








Substrate Solvent AAFY, cal/mole_ Ref 





CH;CD:2CCl1 (CHs)2 Aq. ethanol 110 (45) 
CH;CH:CCI (CDs)2 Aq. ethanol 58 (45) 
CH;CD.CCI (CDs)2 Aq. ethanol 64 (45) 
CH;CH.zCD.CHBrCD; Formic acid 56 (50) 
CH;CH:2CD.CH (p-toluenesulfonate) CD; Aq. ethanol 51 (50) 
CH;CH2CD.CH (p-toluenesulfonate) CD; Formic, acetic 

acids 75 (50) 
(CH3)2CDCCI (CHs)2 . ethanol 146 (51) 
CH;CH:2CD.CCl (CHs)2 . ethanol 93 (48) 
(CHs:)e>CHCD2CCI (CHs)2 . ethanol 108 (48) 
(CH3)2CHCH2CCI(CH3)CD; . ethanol 58 (48) 
(CHs)sCCH2CCl(CH;)CD; . ethanol 66 (52) 
(CHs)sCCD2CCI (CHs)2 . ethanol 23 (52) 
CD;C (OC:H;)2CD; . dioxane 13 (53) 
CD;C (OC;3H;)2CD2CHs . dioxane 20 (53) 
CD;C (OC:2H;)e2CD(CHs)2 . dioxane 23 (53) 
CD;C (OC:H;)2C DeCOC,H; . dioxane 31 (53) 
trans-Cyclopentyl-2-d p-toluenesulfonate Acetic acid 95 (25) 
cis-Cyclopentyl-2-d p-toluenesulfonate Acetic acid 127 (25) 
Cyclopentyl-2,2,5,5-d, p-toluenesulfonate Acetic acid 114 (25) 
C.,.H;CD.CH:2 p-toluenesulfonate Formic acid 0 (31) 
C.H;CD.CH:? p-toluenesulfonate Acetic acid 18 (31) 
p-CH;0C,H.CD,CH: p-toluenesulfonate Formic acid (32) 
b-CH;0C,H.CD:2CH: p-toluenesulfonate Acetic acid 0 (32) 
(CsHs)2 CD CHe p-toluenesulfonate Formic acid 7 (32) 
(CsH;)2 CD CHe p-toluenesulfonate Acetic acid 14 (32) 
p-CH;CsH,CHCICD; Acetic acid 50 (33) 
p-CH;C,H,CHCICD; . acetone 35 (33) 
p-(CHs)2>CDC,H,CHCI (C,Hs) . acetone* 4 (54) 
p-CD:C,.H.CHCI (C.Hs) . acetone* 12 (54) 
p-CH;CD.C,H,CHCI (C,H;) . acetone* 7 (54) 
p-(CH3)2>CHCD2C,HsCHCI (C.H;) . acetone* 6 (54) 
p-CD;CsHsCHCICH; . acetone* 2 (33) 
m-CD;CsH,CHCICH; : . acetone* — 3 (33) 
p-CHD2C,H.CHCICH; Acetic acid 27 (33) 





* For other solvents, see original paper. 
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A small but experimentally significant secondary effect caused by“C 
substitution has been found in the reaction of phenylmethyl-“C ketone with 
2,4-dinitrophenylhydrazine [Raaen et al. (59)]. The rate ratio k*/k" is 1.0085 
+.0004 and can be explained if hyperconjugation is important in the transi- 
tion state relative to the ground state. The hyperconjugative resonance 
forms which lead to a weakening of a C—H bond also lead to a strengthening 
of a C—C bond. It would be worth investigating other reactions to see if 
there is an inverse correlation between hydrogen and carbon isotope effects. 

Boozer and co-workers (60) have used secondary isotope effects in a 
study of the air oxidation of deuterated cumene to see if the mechanism in- 
volves a radical intermediate stabilized by hyperconjugation. The isotope 
effect on the chain termination step was separated out by the addition of 
inhibitors, and in this way values of 13-74 cal/mole were found for AAFf. 
Hyperconjugation has also been cited as responsible for an effect observed in 
the acid hydrolysis of Co(NDs)sCl* and Co(NHs3)5CI*; AAFf is 9 cal/mole 
[Pearson et al. (61)]. 

The rates of the acid- and base-catalyzed enolizations of cyclopentyl- 
2,2,5,5-d,y phenyl ketone and the acid-catalyzed reaction of cyclohexyl- 
2,2,6,6-d, phenyl ketone have been determined [Emmons & Hawthorne (62)]. 
The results are: 42 cal/mole for base catalysis of the cyclopentyl ketone, 35 
cal/mole for acid catalysis with the same compound, and 62 cal/mole for acid 
catalysis of the cyclohexyl compound. These effects were explained on the 
basis of a concerted acid-base attack on the ketone, with a transition state 
resembling the enol. The results obtained in the base-catalyzed reaction 
cannot be explained (if hyperconjugation is the cause) if an enolate ion 
mechanism is followed. 

The reader should not be left with the impression that there is no evi- 
dence against the importance of hyperconjugation in determining secondary 
isotope effects. One contrary piece of evidence is the lack of an isotope effect 
in the ionization of mono-p-methyl triphenyl methy! chloride previously 
mentioned (22); in other work, the substituent effects in such ionizations 
have been found to parallel those in solvolysis reactions. There is also the 
case of electrophilic aromatic substitution, in which the carbonium ion inter- 
mediate would be expected to be stabilized by hyperconjugative resonance 
contributions. Nevertheless, no effect was found in the acid-catalyzed trit- 
ium exchange between 10 M H.SO, and toluene-a,a,a-ds [Kresge & Sat- 
chell (63)}. On the other hand, a small effect of 12 cal/mole was found for the 
aromatic hydrogen exchange between the same substrate and trifluoroacetic 
acid in heavy water [Lauer & Koons (64)]. No effects were found in the ni- 
tration or mercuration of the same compound, or in the nitration of toluene- 
a-t. The bromination of the same compounds gave a AAFf value of 15 cal 
per mole and a ky/kr value of 1.05 [Swain et al. (65)]. 

The present status of the importance of hyperconjugation in organic re- 
action mechanisms is far from clear [cf. Tetrahedron, 5, 105-274 (1959)]. 
However, a large body of pertinent evidence has been accumulated in the 
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study of secondary isotope effects, and whatever the fate of hyperconjuga- 
tion theory may be, it will have to accommodate these facts. 

A large number of Sy2 hydrolysis reactions of B- and y-deuterated com- 
pounds have been measured by Leffek, Llewellyn & Robertson (66, 67), with 
the following results for AAF{ (in cal/mole): 


Tosylate Methone- Bromide Iodide 

sulfonate 
Ethyl-f-d; 4 6 8 9 
i-Propy]-B-dg 44 44 32 30 
n-Propyl-8-d2 26 26 20 24 
n-Propyl-y-ds —11 —13 —19 —18 


These effects parallel to some extent the effects found by these authors for 
the same compounds substituted in the @ position (35). Hyperconjugation 
apparently still has an important influence, since the effects increase with 
increasing carbonium ion stability and Sy1 character of the solvolysis. Steric 
influences are also involved, and the inverse effects for the y-substituted 
compounds were explained on that basis. 

In the reaction of ethoxide ion with isopropyl-d; or isopropyl-ds bromide, 
an effect of —12 cal/mole was found [Shiner (36)]. The solvolysis of ethyl-8- 
d; p-bromobenzenesulfonate in acetic acid leads to a small effect of 6 cal 
per mole [Lewis (47)]. 

Winstein & Takahasi (68) have studied the solvolysis of (CHs)2CDCH(p- 
toluenesulfonate)CH3, which involves a competition between an Sy2 mech- 
anism and an Sy1 mechanism proceeding through a cyclic carbonium ion. 
The effect for the latter reaction is about twice that for the former. 

Very small 8 effects have been observed for the acetolysis and formolysis 
of arylethyl tosylates [Saunders et al.(31, 32)]. By comparison with the larger 
a effects, a symmetrical transition state of the type 


can be ruled out. A similar comparison between @ (Table I) and y effects 
(negligible) in the ethanolysis and acetolysis of cyclopropyl-d,-methyl ben- 
zenesulfonate and cyclopropylmethyl-d, benzenesulfonate has given evi- 
dence that the intermediate is a carbonium ion of the form (I) rather than 
(II) [Bortic et al. (29)]. 
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An effect of 19 cal/mole was found in the Sy1 hydrolysis of the sulfonium 
salt CHsCD2C(CDs).S(CHs)2I, which is considerably smaller than the result 
obtained with analogous reactions when carbon is at the reaction center 
[ASperger & Ilakovac (69)]. 

A large inverse effect of —53 cal/mole was found in the aqueous hydroly- 
sis of sodium borohydride [Davis et al. (70)]. The proposed mechanism in- 
volves a transition state similar to BHs3, with a resultant increase in B—H 
stretching frequencies (such as that found in B,Hg by comparison with BH,). 

Lewis (47) reports a value of 0.93 for ky/kp (temperature not stated) in 
the reaction of EtgNCD2CH; with methyl p-bromobenzenesulfonate; this ef- 
fect appears to be related to that found in the reaction of aniline and benzoyl 
chloride (41). 

A very small effect (9 cal/mole) was found in the deoxymercuration of 
CH;0CD.CD.HglI ([Kreevoy & Ditsch (71)]; on this basis, a transition state 
with appreciable resemblance to a carbonium ion is unlikely. 

In the gas-phase pyrolysis of ethyl-d, and ethyl-d; acetates, a very large 
effect is observed [Blades & Gilderson (72)]; there is probably some contribu- 
tion from a primary effect. Ethyl acetate-d; pyrolyzed at the same rate as 
the normal compound. 


IosTOPE EFFECTS PRODUCED BY THE USE OF HEAVY WATER AS A SOLVENT 


Within the ten-year period following the discovery of deuterium in 1932» 
a large amount of research was devoted to investigating the solvent proper- 
ties of heavy water in equilibria and in kinetic systems, in spite of the relative 
scarcity of heavy water at that time, which made it necessary to carry out 
many of the experiments on a semi-micro scale. This activity was diverted to 
more immediate objectives during World War II. Now that heavy water is 
available in large quantities at a price not much higher than that of some 
organic solvents, there has been a considerable revival of activity in funda- 
mental studies of solvent properties of heavy water. As such studies are im- 
portant to an understanding of the solvent properties of water itself, it is 
surprising to note the large gaps in the data for heavy water. For example, 
the only accurate measurement of the activity coefficient of an alkali halide 
in D,O seems to be that of La Mer & Noonan, made in 1939 (73). 

Present theories of the structure of water suffer from the usual difficulties 
of liquid-state problems, which are increased because of the unusually strong 
intermolecular forces in this case. These forces produce a quasicrystalline 
structure with a degree of order between that of ice and that of a more con- 
ventional liquid. Properties which reflect the extent of this ‘‘structure”’ indi- 
cate a higher degree of order in heavy water than in light water at the same 
temperature; this can be related to differences in vibrational energies. The 
interaction of solutes with water can be considered as an effect on its struc- 
tural properties: nonelectrolytes tend to increase the degree of order, while 
electrolytes generally have the opposite effect. These effects will be different 
in magnitude for light and heavy water, so that solubilities, heats of solution, 
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etc., differ in the two solvents. Since there is less than 1 per cent difference 
between dielectric constants of H,O and D.O, a continuum model is not 
likely to explain the observed differences. 

These ideas have been formulated more explicitly by Swain & Bader (74), 
who have calculated differences between several thermodynamic functions 
of H,O and D,O. Using essentially an Einstein model for the liquid, they ob- 
tained the ratio of partition functions at 25°C., and the value thus calculated 
is in excellent agreement with the experimental one. In my opinion, this 
agreement is partly fortuitous: there is some question about their choice of 
frequencies for intramolecular and intermolecular vibrations (75, 76). More 
serious is the neglect of anharmonicity corrections, which are not known for 
the liquid, but which contribute 35 per cent to the partition function ratio in 
the gas phase. 

Swain & Bader have extended their calculations to a model for ionic solu- 
tions, in which an ion is supposed to perturb the librational frequencies of 
four adjacent water molecules. They correlate observed librational frequen- 
cies and differences in heats of solution calculated with this model with exper- 
mental differences in heats of solution. The agreement is good, but the in- 
frared bands are extremely broad and weak. At present, there are not suffh- 
cient data in the literature to provide an adequate quantitative verification 
of Swain & Bader’s model. 

Spectra in light and heavy water——The electronic absorption spectra of 
several complexes of transition metal ions have been measured in H2O and 
D.O [Halpern & Harkness (77)]. For ions such as Cr(H2O),***, which con- 
tain water molecules in the inner coordination sphere, absorption maxima 
are 30 to 70 cm™ higher in D,O than in H2O; such an effect is not found in 
ions like Cr(C04)3~—~. The authors relate this effect to differences in ligand 
field splittings caused by the different dipole moments of H,O and D,O. An 
alternate explanation based on a coupling of electronic levels with inter- 
molecular vibrational levels of water molecules has been proposed [Bigeleisen 
(78)]. A similar shift in electronic absorption bands has been found for 
(NH3)s;CoOH,*** (in H,O) compared with (ND3)s;CoOD,*** (in DO) and 
for (NH3)s;CoCl** compared with (ND3);CoCI** [Taube (79)]. 

Ultraviolet spectra of HAO, HDO, and D,O have been compared [Barrett 
et al. (80), Price et al. (81)]. Isotopic varieties of water have been particularly 
useful for the assignment of vibrational frequencies in both the liquid and 
solid states [Ceccaldi et al. (75), Giguére & Harvey (76), Haas & Hornig (82), 
Hornig et al. (83), Ockman (84)]. 

Ionic systems in heavy water—The effect of dissolved electrolytes on the 
vapor pressure ratio P(H,0)/P(HDO) was investigated by Googin & Smith 
(85). In all cases, the ratio was lower than it was for water itself. 

A number of complex ion systems have been studied in heavy water. 
Hudis & Dodson (86) measured the rate of the electron transfer reaction 
between Fe (II) and Fe (III), and found the rate lower by a factor of 2 in 
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heavy water at 7°C while the equilibrium constant for the reaction 
Fet** + H,0 = FeOH** + Ht 


is the same in H,O and D.O at 21°C. These results were considered to be evi- 
dence for the importance of hydrogen atom or ion transfer during the ex- 
change reaction. In the reaction of Cr** with (NH3)sCrCl**, ky/kp is 1.37 
at 26°C [Ogard & Taube (87)]. Since there is almost certainly no hydrogen 
transfer in this reaction, the argument of Hudis & Dodson is weakened. An 
even larger effect is found in the reaction of Cr** with the corresponding 
aquo complex (NH3);CrOH,*** [Zwickel & Taube (88)]. Taube (79) has also 
determined the solvent effect on equilibria involving similar complexes: 


(NH;)sCoOH,*** + Cl- = (NH3)sCoCl** + H:0, Ku/Kp = 0.67 (25°) 
(NH;)sCoOH,*** + OH- = (NH;)sCoOH** + H20, Ku/Kp = 0.23 (25°) 


The difference in the two ratios emphasizes the importance of the internal 
structure of OH in producing the larger effect. Equilibria of this type have 
also been discussed by Bigeleisen (78). 

Rates of hydrolysis of (NH3)s;CoClI** and (ND;);CoClI** have been meas- 
ured in light and heavy water [Pearson et al. (61)]. The hydrolysis of the 
trans-Co(8-picoline),Cl* complex was also studied. Relative rates ku/kp of 
about 1.3—1.4 (49°C) were found for the aquation reaction. This can be ex- 
plained by effects of the ion on the solvating properties of surrounding mole- 
cules, and it does not appear necessary to invoke a mechanism involving dif- 
ferences in hydrogen bonding, which was originally suggested [Adamson & 
Basolo (89)]. In the case of hydrolysis catalyzed by hydroxyl ion, the rate 
constant ratio is 1.7 (2.5-18°C). An isotope effect of similar magnitude is 
reported for the aquation of (NHs3)eCr(NCS),-:ky/kp is 1.9 at 60°C 
[Adamson (90)]. 

Krishnamurty & Harris (91) have studied the kinetics of the aquation of 
trisoxalatochromium (III); the reaction is subject to specific hydrogen-ion 
catalysis. The rate constant ratio is 0.38 at 50°C, and the applicability of 
the Gross-Butler expression in HJO—D,O mixtures provides further evi- 
dence for the mechanism (cf. following section). 

The heavy-water solvent effect in the oxidation of Pu (III) by oxygen in 
aqueous sulfate solutions has been determined [Baker & Newton (92)]. The 
reaction is 17 to 30 per cent more rapid in H,O at 23°C; this relatively small 
effect is evidence that a hydrogen-atom transfer is not involved in the oxida- 
tion. In the oxidation of Np (IV) to Np (VJ) in sulfate and perchlorate solu- 
tions, the rate is higher in light water by a factor of about 5 at 25°C [Hind- 
man et al. (93)]. The same authors found a rate ratio of 0.4 for the dispropor- 
tionation of Np (V) to Np (IV) and Np (VI). 

Turning to organic systems, one finds a large body of data concerning 
Swn2 solvolyses of organic halides, nitrates, sulfonates, etc., obtained by 
Robertson & Laughton (94, 95, 96). They have varied the organic groups 
over a wide structural range and have used quite different anionoid groups. 


452 WESTON 


However, in all cases the isotope effect is rather small, with the rate con- 
stant in light water about 20 per cent higher than that in heavy water. This 
effect may be linked to structural changes in the solvating molecules: 
stronger solvation around the reactant molecule will give a larger zero-point 
energy difference between HO and D,.O than the weakened solvation ex- 
pected for the transition state, which has more ionic character. 

Dissociation of acids and bases in heavy water—The use of the glass elec- 
trode to measure the hydrogen-ion activity in heavy water has been discussed 
by two groups [Glasoe & Long (97), Mikkelsen & Nielson (98)]. Both groups 
found that the ‘‘pD”’ in D,O is given by the value measured with a conven- 
tional glass electrode, if a constant factor of 0.40 to 0.44 pH units is added. 

Dissociation constant ratios in light and heavy water have been deter- 
mined for a number of acids: maleic acid, fumaric acid, bimaleate ion, bifu- 
marate ion, ethyl hydrogen maleate, and ethyl hydrogen fumarate [Dahlgren 
& Long (99)]; trifluoroethanol and chloroethanol [Ballinger & Long (100, 
101)]; glycine, alanine, phenylalanine, threonine, and glutamic acid [Hyman 
et al. (102)]; the hexaminoplatinum (IV) complex [Pearson et al. (61)]; acetal- 
dehyde hydrate, glucose, and tetramethylglucose [Pocker (44, 103)]. The 
pKa values for these acids range from 2 to 13, while the ratio of dissociation 
constants varies from 2 to 5. 

Hoégfeldt & Bigeleisen (104) have investigated the behavior of a series of 
Hammett indicators in solutions of DCI from 10~ to 1 1M, and in DeSO, solu- 
tions from 10~* to 12 M. The Hammett acidity function in the deuterium sys- 
tems is the same as that in the corresponding protium systems, except in sul- 
furic acid of 10-* to 10-! M, a region in which the dissociation of HSO,;- 
becomes important. The dissociation constants of the indicators in D.O, with 
pKa values ranging from —5.5 to 3.3, were determined and compared with 
those in H,O: a range of 2 to 4 was found for Ky/Kp. The authors re-exam- 
ined the frequently used empirical rule relating pK4(D2O) —pK4(H:2O) and 
pKa(H20). They find neither theoretical nor experimental justification for 
this assumption, although there is a small dependence of ApK,y on pKa 
within a family of similar acids. 

Acid-base catalysis in heavy water.—Because of the influence of heavy 
water on ionization equilibria, one expects to find kinetic differences in reac- 
tions proceeding by acid or base catalysis mechanisms. Long & Bigeleisen 
(105) have surveyed this situation and have shown that some general predic- 
tions can be made on the basis of reasonable assumptions about relative rate 
and equilibrium constants. In the following discussion, their generalizations 
will be compared with available data. 

For the case of specific hydronium-ion catalysis, the reaction scheme is 


S + HA = SH* + A> (rapid equilibrium) 
SH* (+H:.0) — products (rate-determining, k,) 


The rate constant ratio is ky/kp = (keu/ksp)(Ksp+/Ksnt) and has values of 
about 0.3 to 0.4; it differs from unity largely because of the ionization con- 
stant ratio. 
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A frequently used test of specific hydronium-ion catalysis is the effect of 
solvent deuterium concentration on the rate constant. Because the equilib- 
rium constant L for the reaction 


3H,0 + 2D;0+ = 3D.,0 + 2H;0* 


is not unity, the mole fraction of deuterium in the hydronium-ion species 
will differ from that in the water species. This in turn affects the concentra- 
tion of protonated substrate in such a way that the rate constant ky is nota 
linear function of deuterium concentration N in the solvent. The theory of 
this effect was derived by Gross and by Butler some 25 years ago and has re- 
cently been re-examined by Purlee (106). From electrochemical data, and 
independently from rate constants and dissociation constants in HXO— D.,O 
mixtures, he finds a value of 11.0 for L, which gives better agreement be- 
tween experimental data and calculated values of ky /ky than did the former 
value of 15.3. This theory has also been discussed by Swain and co-workers 
(74, 107) who obtained a value of 8.2 for L from observed vibrational fre- 
quencies of water and the hydronium ion. The frequency assignment for the 
latter is not known with great certainty. 

Finally, Purlee’s re-examination of the Gross-Butler theory has been re- 
examined by Gold (108). He finds that values of ky /ky are not very sensitive 
to the choice of L, but depend strongly on the formulation of the solvated 
proton as H;O*. Also, he finds that ky/ky in a reaction with slow proton 
transfer from a hydronium ion will be similar to that in a reaction with a 
rapid pre-equilibrium proton transfer. This is a point to be kept in mind when 
the rest of this section is read. 

We now turn to some experimental examples of reactions following spe- 
cific hydronium ion catalysis mechanisms. In the hydration of 2-methyl-2- 
butene and of 1-methyl-cyclopentene, the rate ratios are 0.82 (30°C) and 
1.08 (35°C) [Purlee & Taft (109)]; both of these are significantly higher 
than the predicted values. Perhaps this is caused by a primary isotope effect 
produced when the z-bonded proton forms a normal covalent C—H bond. 
Both of these reactions were studied in mixed solvents, and the Gross-Butler 
equation was followed; however, the rate ratio is so nearly unity that the 
deviation from linearity is scarcely outside experimental error. 

In an extension of studies on aromatic hydrogen exchange reactions, the 
loss of tritium from p-cresol-o-t to aqueous HCI at 25°C has been measured 
in light and heavy water [Gold et al. (110)]. The rate ratio is 0.62, slightly 
higher than that predicted for a mechanism involving specific hydronium-ion 
catalysis. In mixed solvents, the Gross- Butler equation was found applicable. 
These facts are consistent with a mechanism previously proposed by Gold & 
Satchell in which an unsymmetrical intermediate is formed in a rapid equi- 
librium, followed by a slow rearrangement and rapid proton loss to the sol- 
vent. On the other hand, the possibility of a slow proton transfer to give a 
symmetrical intermediate is not ruled out. 

Pritchard & Long (111, 112) have studied the hydronium-ion-catalyzed 
hydrolysis of ethylene oxide, trimethylene oxide, epichlorohydrin, and B- 
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methylglycidol in H,O and D.O. For all of these, the observed rate ratio is 
near 0.5 at 25°C, in agreement with the predicted value. Rate measurements 
in mixed solvents are also in accord with the proposed mechanism. The 
neutral hydrolyses of propylene oxide and isobutylene oxide were studied by 
the same authors, and a mechanism involving rapid proton transfer was 
ruled out by the small isotope effect (ky/kp is 1.1-1.2 at 50°C) and the be- 
havior in mixed solvents. 

Kreevoy and co-workers have used heavy water as a tool for investigat- 
ing deoxymercuration reactions, which are subject to specific hydronium-ion 
catalysis. For both a- and 6-2-methoxycyclohexylmercuric iodide the rate 
ratio is 0.3 (113). Essentially the same effect was found for 2-methoxy-1- 
iodomercuriethane at 25°C, and in addition, the Gross-Butler equation was 
obeyed (114). For 1-iodomercuri-2-propanol and its methyl] ether, rate ratios 
of 0.45 and 0.35 at 25°C were determined (115). In the latter case the agree- 
ment with the Gross-Butler curve is somewhat poorer. 

A second type of reaction is one involving general acid catalysis, with the 
mechanism 

SH + HA = HSH* + A> (rapid equilibrium) 
HSH* + A~ — products (rate-determining, k,) 


In this case, 
ku/kp = (ksu/kev) (Kvsut+/Kusat)(Kua/Kpa)=& 1.0 to 1.5 


or, if the catalyzing acid is H;O*, 
ku/kp = (kan/ksv)(Kpsut+/Kusut)—& 0.3 to 0.4 


(105). Thus the rate ratio is expected to be larger by a factor of ~2 to 4 for 
catalysis by a weak acid compared with catalysis by the hydronium ion. In 
this type of reaction there may be a hydrogen exchange in the equilibrium, 
which will lead to a sizable primary isotope effect in the slow proton trans- 
fer, and to larger values of the rate constant ratio. This primary effect is prob- 
ably responsible for the results found for the mutarotation of glucose and 
tetramethylglucose [Challis et al. (116)]. In the case of glucose, rate ratios at 
25°C for various catalysts are: 1.37 (H;0*), 2.6 (CH;COOH), and 3.2 to 3.8 
(H,O). For tetramethylglucose, values of 1.3 (H;0*) and 3.2 (H:O) were 
found. [See, however, the discussion of this reaction by Purlee (106).] 

Pocker (44) has studied the general acid-catalyzed dehydration of acetal- 
dehyde hydrate, a reaction with a mechanism analogous to that for glucose 
mutarotation. Rate ratios at 0°C for various catalysts are: 1.4 (H;0*), 2.8 
(CH;COOH), and 3.9 (H.O), which are very close to those for the glucose re- 
action. 

The reverse reaction, the hydration of acetaldehyde, has also been 
studied by Pocker (44). In this case, the mechanism is a general acid- 
catalyzed slow proton transfer: 


S + HA — SH* + A- (rate-determining) 





ISOTOPE EFFECTS IN CHEMICAL REACTIONS 455 


The rate constant ratio will be sensitive to the differences in bonding of hy- 
drogen in the acid HA and in the transition stateS...H...A, and is diffi- 
cult to predict. However, Long & Bigeleisen point out that the difference in 
rate ratios produced by changing HA from a strong to a weak acid will be 
similar to that found in the rapid pre-equilibrium mechanism. This is con- 
firmed by Pocker’s data for ky/kp at 0°C: 1.3 (H;0*), 2.5 (CH;COOH), 
and 3.6 (H,0). 

Another example of general acid catalysis without a pre-equilibrium is 
found in the hydrolysis of p-methoxybenzeneboronic acid to phenylmethyl 
ether and boric acid [Kuivila & Nahabedian (117)]. The rate constant ratio 
for catalysis by H;O* is rather large (3.7 at 25°C) and, furthermore, a linear 
relation between rate and deuterium concentration is observed, contrary to 
the predictions of Gold. This appears to be the single published case of such 
a reaction which has been studied in light and heavy water mixtures. 

Turning now to base-catalyzed systems, one finds a situation quite an- 
alogous to that for acid catalysis. If the mechanism is 


SH + B = BH* + S (rapid equilibrium) 
S~(+H,0) — products (rate-determining, k,) 


the reaction is subject to specific hydroxyl-ion catalysis, and the rate con- 
stant ratio is (105) 


ku/kp = (ken/kev)(Ksu/Ksp)(Kp,0/Ku,0)™ 0.5 to 0.7 


Two groups have studied the hydroxyl-ion catalysis of the formation of 
ethylene oxide from ethylene chlorohydrin [Ballinger & Long (101), Swain 
et al. (118)]. Their results are in excellent agreement, with a ky/kp ratio of 
0.65 at 25°C; this value is within the predicted range. For propylene chloro- 
hydrin, Ballinger & Long find a rate ratio of 0.63, almost identical. From the 
measured ratio of acid ionization constants of ethylene chlorohydrin in HO 
and D.O, the latter authors found that k,y/ksp is 0.87. This small inverse 
ratio is attributed to a general solvent effect. The rate constant in mixed 
solvents is not a linear function of the deuterium concentration. 

Pocker (57) has used the solvent isotope effect to show that the decom- 
position of diacetone alcohol to acetone proceeds through a mechanism of the 
above type, and not through a mechanism involving the slow formation of 
a carbanion. The rate constant ratio is 0.67 at 25°C, and the Gross-Butler 
equation is applicable. 

The benzilic acid rearrangement in a dioxane-water (H:O or D,O) mix- 
ture has been investigated by Hine & Haworth, who found a rate constant 
ratio of 0.54 at 50°C for hydroxyl-ion catalysis (119). This is evidence 
against a rate-determining step involving the simultaneous shift of a phenyl 
group and a hydrogen atom, since this step should have a large primary iso- 
tope effect. 

A different type of mechanism was proposed by Pritchard & Long (112) 
for the hydroxyl-ion catalysis of the hydrolysis of epoxides. For ethylene 
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oxide, propylene oxide, and isobutylene oxide, ky/kp is in the range 0.88 to 
0.96 at 25°C, and the rate is linearly dependent on deuterium concentra- 
tion. The reaction must involve the slow addition of a hydroxyl ion to the 
substrate, with a subsequent rapid proton transfer to the resulting anion. The 
small effect is probably a pure solvent effect. 
We consider now the case of general base catalysis involving a rapid 

equilibrium step, i.e.: 

SH + B = BHt + S (rapid equilibrium) 

BHt + S~ — products (rate-determining, k;) 


Here the predictions are parallel to those for the analogous case of acid 
catalysis, with 


ku/kp = (ksu/ksv)(Kus/Kps)(Kpp+/Ksu+) 


The partial compensation of equilibrium constant ratios will diminish the 
effect, but there will generally be a normal primary isotope effect in the 
second step. If the catalyzing base is the hydroxy] ion, the ratio will be 


ku/kp = (ken/kev)(Kus/Kps) (Kp,0/Ku o) 


so it will be slightly smaller than for a weak base. 
In the special case where water is the base, 


ku/kp = (ken/ksp) (Kus/Kps) 


so that a large ratio (3 to 5) is predicted. This is confirmed by the analysis 
Pocker has made of the neutral mutarotation of glucose and tetramethylglu- 
cose (103). For the former compound ky/kp is 3.8 and for the latter it is 3.2. 
Pocker has now measured the acid dissociation constants for each compound 
at 25°C. These can be combined with the observed rates to obtain k,y/ksp, 
which is 0.85 for glucose and 0.78 for tetramethylglucose. 

The base-catalyzed dehydration of acetaldehyde, mechanistically similar 
to the foregoing reaction, has a rate constant ratio of 2.5 at 0°C for catalysis 
by acetate ion (44), a large fraction of which is probably due to the primary 
effect in the slow proton transfer. The neutral reaction has a ratio of 3.9, but 
it is not possible to separate the acid- and base-catalyzed reaction paths. 

There is some disagreement about the interpretation of solvent effects 
found in the neutral hydrolysis of several acid anhydrides and acy] chlorides, 
although the experimental agreement is good [Butler & Gold (120, 121), 
Bunton et al. (122)]. The observed effects range from 1.5 to 3.5 for ky/kp. 
Butler & Gold propose a mechanism with two molecules of water and a sub- 
strate molecule involved in a rapid equilibrium, followed by a slow proton 
transfer. The observed rate ratios are thus somewhat below the predicted 
one, but not unreasonably so. Catalysis by acetate gives a smaller effect, as 
predicted. The observed effects certainly appear too large to be explained as 
pure solvent influences, as Bunton and co-workers have done. 

The final category of reactions to be considered is the rather large class 
which involve a slow proton transfer from the substrate to a basic catalyst: 
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SH + B — BH* + S~ (rate-determining, k,) 


As in the corresponding acid-catalyzed reaction, the rate ratio is sensitive to 
differences in the bonding of hydrogen in the substrate and in the transition 
state, and no general prediction is possible. 

Returning again to the water-acetaldehyde system (which is unique in 
exhibiting several mechanisms), one finds that Pocker has determined the 
rate ratio for acetate-ion catalysis of the hydration; the value is 2.3 at 0°C 
(44). 

In the case of the enolization of acetone (as determined by the rate of 
bromination), the slow step is the removal of a proton from a methyl group. 
This is shown by the large isotope effect for acetone-d, [Pocker (123)]. For 
normal acetone, the rate constant ratio is 0.67 at 25°C for hydroxyl-ion 
catalysis, i.e., OD~ is more effective in removing a proton than is OH~. The 
reverse step, transfer of a proton from water to the enolate ion, is about five 
times faster in H,O than in D,O. This latter effect is about the same as the 
one for relative rates of proton transfer from H,O and D,.O to the —CHzCHO 
carbanion involved in the aldol condensation [Pocker (124)]. 

For the hydrogen isotope exchange and the racemization of the man- 
delate ion, a mechanism exactly analogous to that of the enolization of ace- 
tone has been found [Pocker (125)]. The solvent effect gives hy /kp equal to 
0.72 at 100°C, which is close to that for the acetone reaction. 

Long & Watson (126) have made a careful study of the enolization of 3- 
methylpentane-2:4-dione and its 3-deutero analogue in light and heavy 
water, again by measuring the bromination rate. They did not study the 
catalysis by hydroxyl ion, but the rate constant ratios (at 25°C) are 1.25 
with acetate catalysis, and 1.37 for catalysis by water. They explain this as a 
solvent influence, but since such an effect would also be present in the cor- 
responding hydroxyl-ion catalysis of acetone enolization, there must be 
other factors involved. 

Finally, it is in order to mention the renaissance now taking place in the 
study of biological systems in heavy water (and vice versa) with a wide 
spectrum of research ranging from physical biochemistry to effects on the 
reproductive capacity of mice. An introduction to this rapidly growing field 
may be obtained from ‘‘Deuterium Isotope Effects in Chemistry and Biol- 
ogy,” Annals of the New York Academy of Sciences, 84, 573-781 (1960), 
edited by Kritchevsky. 





WESTON 


LITERATURE CITED 


. Wiberg, K. B., Chem. Revs., 55, 713 
(1955) 

. Bigeleisen, J., and Wolfsberg, M., Ad- 
vances in Chemical Physics, 1, 
15 (Prigogine, I., Ed., Interscience 
Publishers, Inc., New York, N. Y., 
426 pp., 1958) 

. Melander, L., Isotope Effects in Reac- 
tion Rates (Ronald Press Co., New 
York, N. Y., 181 pp., 1960) 

. Wolfsberg, M., J. Chem. Phys., 33, 2 
(1960) 

. Halevi, E. A., Tetrahedron, 1, 
(1957) 

. Halevi, E. A., Trans. Faraday Soc., 
54, 1441 (1958) 

. Blinder, S. M., J. Chem. Phys., 32, 
105 (1960) 

. Tiers, G. V. D., J. Phys. Chem., 64, 
373 (1960) 

. Tiers, G. V. D., J. Chem. Phys., 29, 
963 (1958) 

. Kusumoto, H., Itoh, J., and Hiruta, 
K., J. Phys. Soc. Japan, 15, 728 
(1960) 

. Gutowsky, H. S., J. Chem. Phys., 31, 
1683 (1959) 

. Halevi, E. A., and Pauncz, R., J. 
Chem. Soc., 1974 (1959) 

. Ron, A., Halevi, E. A., and Pauncz, 
R., J. Chem. Soc., 630 (1960) 

. Weston, R. E., Jr., Tetrahedron, 6, 31 
(1959) 

. Halevi, E. A., Intern. J. Appl. Radia- 
tion and Isotopes, 7, 192 (1960) 

. Bartell, L. S., Tetrahedron Letters, No. 
6, 13 (1960) 

. Joy, H. W., and Libby, W. F., J. 
Chem. Phys., 33, 1276 (1960) 

. Love, P., Taft, R. W., Jr., and Wartik, 
T., Tetrahedron, 5, 116 (1959) 

. Ropp, G. A., J. Am. Chem. Soc., 82, 
4252 (1960) 

. Bell, R. P., and Jensen, M. B., Proc. 
Chem. Soc., 307 (1960) 

. Halevi, E. A., and Nussim, M., Bull. 
Research Council Israel, 5A, 263 
(1956) 

. Lichtin, N. N., Lewis, E. S., Price, E., 
and Johnson, R. R., J. Am. Chem. 
Soc., 81, 4520 (1959 ) 

. Kresge, A. J., Rao, K. N., and Lich- 
tin, N. N., Chem. & Ind. (London), 
53 (1961) 

. Stewart, R., Gatzke, A. L., Mocek, 
M., and Yates, K., Chem. & Ind., 
331 (1959) 

. Streitwieser, A., Jr., Jagow, R. H., 
Fahey, R. C., and Suzuki, S., J. 
Am, Chem. Soc., 80, 2326 (1958) 


174 


26. 
27. 
28. 


29. 


30. 


31. 


32. 


33. 


34, 


35. 


36. 
37. 
38. 
39. 
40. 


41. 
42. 
43. 


44. 
45. 


46. 


47. 
48. 


49. 
50. 
51. 
52. 


53. 


Halevi, E. A., and Nussim, M., Tetra- 
hedron, 5, 352 (1959) 

Jones, J. M., and Bender, M. L., J. 
Am. Chem. Soc., 82, 6322 (1960) 
Mislow, K., Boréié, S., and Prelog, V., 
Helv. Chim. Acta, 40, 2477 (1957) 
Boréié, S., Nikoletié, M., and Sunko, 
D. E., Chem. & Ind. (London), 527 

(1960) 

Johnson, R. R., and Lewis, E. S., Proc. 
Chem. Soc., 52 (1958) 

Saunders, W. H., Jr., A&perger, S., 
and Edison, D. H., J. Am. Chem. 
Soc., 80, 2421 (1958) 

Saunders, W. H., Jr., and Glazer, R., 
J. Am. Chem. Soc., 82, 3586 (1960) 

Lewis, E. S., Johnson, R. R., and Cop- 
pinger, G. M., J. Am. Chem. Soc., 
81, 3140 (1959) 

Llewellyn, J. A., Robertson, R. E., 
and Scott, J. M. W., Can. J. Chem., 
38, 222 (1960) 

Leffek, K. T., Llewellyn, J. A., and 
Robertson, R. E., Can. J. Chem., 
38, 1505 (1960) 

Shiner, V. J., Jr., J. Am. Chem. Soc., 
74, 5285 (1952) 

Seltzer, S., Chem. & Ind. (London), 
1313 (1959) 

Denney, D. B., and Tunkel, N., 
Chem. & Ind., 1383 (1959) 

Berliner, E., and Shueller, 
Chem. & Ind., 1444 (1960) 

De La Mare, P. B., Dunn, T. M., and 
Harvey, J. T., J. Chem. Soc., 923 
(1957) 

Elliot, J. J., and Mason, S. F., Chem. 
& Ind., 488 (1959) 

Simon, H., and Palm, D., Chem. Ber., 
92, 2701 (1959) 

Simon, H., and Palm, D., Chem. Ber., 
93, 1289 (1960) 

Pocker, Y., Proc. Chem. Soc., 17 (1960) 

Shiner, V. J., Jr., J. Am. Chem. Soc., 
75, 2925 (1953) 

Lewis, E. S., and Boozer, C. E., J. 
Am. Chem. Soc., 74, 6306 (1952) 
Lewis, E. S., Tetrahedron, 5, 143 (1959) 
Shiner, V. J., Jr., Tetrahedron, 5, 243 

(1959) 

Shiner, V. J., Jr., J. Am. Chem. Soc., 
82, 2655 (1960) 

Lewis, E. S., and Boozer, C. E., J. Am. 
Chem. Soc., 76, 791 (1954) 

Shiner, V. J., Jr., J. Am. Chem. Soc., 
76, 1603 (1954) 

Shiner, V. J., Jr., J. Am. Chem. Soc., 
78, 2653 (1956) 

Shiner, V. J., Jr., and Cross, S., J. Am. 
Chem. Soc., 79, 3599 (1957) 


K. E., 





ISOTOPE EFFECTS IN CHEMICAL REACTIONS 
78. 


. Shiner, V. J., Jr., and Verbanic, C. J., 
J. Am. Chem. Soc., 79, 373 (1957) 
. Lewis, E. S., Kinsey, J. L., and John- 
son, R. R., J. Am. Chem. Soc., 78, 
4294 (1956) 

. Bender, M. L., and Feng, M. S., J. 
Am. Chem. Soc., 82, 6318 (1960) 

. Pocker, Y., Chem. & Ind. (London), 
89 (1959) 

. Hodnett, E. M., Taylor, R. D., 
Tormo, J. V., and Lewis, R. E., J. 
Am. Chem. Soc., 81, 4528 (1959) 

. Raaen, V. F., Tsiomis, A. K., and Col- 
lins, C. J., J. Am. Chem. Soc., 82, 
5502 (1960) 

. Boozer, C. E., Ponder, B. W., Trisler, 
J. C., and Wightman, C. E., III, 
J. Am. Chem. Soc., 78, 1506 (1956) 
. Pearson, R. G., Stellwagen, N. C., 
and Basolo, F., J. Am. Chem. Soc., 
82, 1077 (1960) 

. Emmons, W. D., and Hawthorne, 
M. F., J. Am. Chem. Soc., 78, 5593 
(1956) 

. Kresge, A. J., and Satchell, D. P. N., 
Tetrahedron Letters, No. 13, 20 
(1959) 

. Lauer, W. M., and Koons, C. B., J. 
Org. Chem., 24, 1169 (1959) 

. Swain, C. G., Knee, T. E. C., and 
Kresge, A. J., J. Am. Chem. Soc., 
79, 505 (1957) 

. Leffek, K. T., Llewellyn, J. A., and 
Robertson, R. E., Can. J. Chem., 
38, 2171 (1960) 

. Leffek, K. T., Llewellyn, J. A., and 
Robertson, R. E., J. Am. Chem. 
Soc., 82, 6315 (1960) 

. Winstein, S., and Takahasi, J., Tetra- 
hedron, 2, 316 (1956) 

. A&perger, S., and Ilakovac, N., Chem. 
& Ind. (London), 1191 (1960) 

. Davis, R. E., Kibby, C. L., and Swain, 
C. G., J. Am, Chem. Soc., 82, 5950 
(1960) 

. Kreevoy, M. M., and Ditsch, L. T., 
J. Am. Chem. Soc., 82, 6127 (1960) 
. Blades, A. T., and Gilderson, P. W., 
Can. J. Chem., 38, 1407 (1960) 

. La Mer, V. K., and Noonan, E., J. 
Am. Chem, Soc., 61, 1487 (1939) 

. Swain, C. G., and Bader, R. F. W., 
Tetrahedron, 10, 182 (1960) 

. Ceccaldi, M., Goldman, M., and 
Roth, E., Collog. Spectrosc. Intern. 
VI (Amsterdam, 1956), 623 (Perga- 
mon Press, Ltd., London) 

. Giguére, P. A., and Harvey, K. B., 
Can. J. Chem., 34, 798 (1956) 

. Halpern, J., and Harkness, A. C., J. 
Chem. Phys., 31, 1147 (1959) 


79. 
80. 
81. 


82. 
83. 


84. 
85. 
86. 
87. 
88. 
89. 
90. 


91. 


92. 


93. 


94. 


95. 


96. 


97. 
98. 
99. 
100. 


459 


Bigeleisen, J., J. Chem. Phys., 32, 1583 
(1960) 

Taube, H., J. Am. Chem. Soc., 82, 
524 (1960) 

Barrett, J., Mansell, A. L., and Gold- 
ring, R. M., Nature, 187, 138 (1960) 

Price, W. C., Harris, P. V., Beaven, 
G. H., and Johnson, E. A., Nature, 
188, 45 (1960) 

Haas, C., and Hornig, D. F., J. Chem. 
Phys., 32, 1763 (1960) 

Hornig, D. F., White, H. F., and Red- 
ing, F. P., Spectrochim. Acta, 12, 
338 (1958) 

Ockman, N., Advances in Phys., 7, 
199 (1958) 

Googin, J. M., and Smith, H. A., J. 
Phys. Chem., 61, 345 (1957) 

Hudis, J., and Dodson, R. W., J. Am. 
Chem. Soc., 78, 911 (1956) 

Ogard, A. E., and Taube, H., J. Am. 
Chem. Soc., 80, 1084 (1958) 

Zwickel, A., and Taube, H., J. Am. 
Chem. Soc., 81, 1288 (1959) 

Adamson, A. W., and Basolo, F., Acta 
Chem. Scand., 9, 1261 (1955) 

Adamson, A. W., J. Am. Chem. Soc., 
80, 3183 (1958) 

Krishnamurty, K. V., and Harris, 
G. M., J. Phys. Chem., 64, 346 
(1960) 

Baker, F. B., and Newton, T. W., J. 
Phys. Chem., 61, 381 (1957) 

Hindman, J. C., Sullivan, J. C., and 
Cohen, D., J. Am. Chem. Soc., 81, 
2316 (1959) 

Laughton, P. M., and Robertson, 
R. E., Can. J. Chem., 34, 1714 
(1956) 

Robertson, R. E., and Laughton, 
P. M., Can. J. Chem., 35, 1319 
(1957) 

Laughton, P. M., and Robertson, 
R. E., Can. J. Chem., 37, 1491 
(1959) 

Glasoe, P. K., and Long, F. A., J. 
Phys. Chem., 64, 188 (1960) 

Mikkelsen, K., and Nielsen, S. O., J. 
Phys. Chem., 64, 632 (1960) 

Dahigren, G., and Long, F. A., J. Am. 
Chem, Soc., 82, 1303 (1960) 

Ballinger, P., and Long, F. A., J. Am, 
Chem. Soc., 81, 1050 (1959) 


. Ballinger, P., and Long, F. A., J. Am, 


Chem. Soc., 81, 2347 (1959) 


. Hyman, H. H., Kaganove, A., and 


Katz, J. J., J. Phys. Chem., 64, 1653 
(1960) 


. Pocker, Y., Chem. & Ind. (London), 


968 (1960) 


. Hégfeldt, E., and Bigeleisen, J., J. 


Am. Chem, Soc., 82, 15 (1960) 





460 


105 


106 


107. 


108. 
109. 


110. 


111. 
112. 
113. 
114. 


115. 


WESTON 


. Long, F. A., and Bigeleisen, J., Trans. 


Faraday Soc., 55, 2077 (1959) 

Purlee, E. L., J. Am. Chem. Soc., 81, 
263 (1959) 

Swain, C. G., Bader, R. F. W., and 
Thornton, E. R., Tetrahedron, 10, 
200 (1960) 

Gold, V., Trans. Faraday Soc., 56, 255 
(1960) 

Purlee, E. L., and Taft, R. W., Jr., 
J. Am. Chem. Soc., 78, 5807 (1956) 

Gold, V., Lambert, R. W., and Satch- 
ell, D. P. N., J. Chem. Soc., 2461 
(1960) 

Pritchard, J. G., and Long, F. A., J. 
Am. Chem. Soc., 80, 4162 (1958) 
Pritchard, J. G., and Long, F. A., J. 
Am, Chem. Soc., 78, 6008 (1956) 
Kreevoy, M. M., and Kowitt, F. R., J. 
Am, Chem. Soc., 82, 739 (1960) 
Kreevoy, M. M., and Ditsch, L. T., 

J. Org. Chem., 25, 134 (1960) 

Kreevoy, M. M., J. Am. Chem. Soc., 


116. 


117. 


118. 


119. 


120. 


122. 


123. 
124, 
125. 
126. 





81, 1099 (1959) 


Challis, B. C., Long, F. A., and 
Pocker, Y., J. Chem. Soc., 4679 
(1957) 

Kuivila, H. G., and Nahabedian, 


K. V., Chem. & Ind., 1120 (1959) 

Swain, C. G., Ketley, A. D., and 
Bader, R. F. W., J. Am. Chem. 
Soc., 81, 2353 (1959) 

Hine, J., and Haworth, H. W., J. Am. 
Chem. Soc., 80, 2274 (1958) 

Butler, A. R., and Gold, V., Proc. 
Chem. Soc., 15 (1960) 


. Butler, A. R., and Gold, V., Chem. & 


Ind. (London), 1218 (1960) 
Bunton, C. A., Fuller, N., Perry, 
S. G., and Shiner, V. J., Jr., Chem. 
& Ind., 1130 (1960) 
Pocker, Y., Chem. & Ind., 1383 (1959) 
Pocker, Y., Chem. & Ind., 599 (1959) 
Pocker, Y., Chem. & Ind., 1117 (1958) 
Long, F. A., and Watson, D., J. Chem. 
Soc., 2019 (1958) 

















INDUSTRIAL USES OF ISOTOPES! 


By W. F. Lipsy 
Department of Chemistry, University of California, Los Angeles, California 


UsEs as ISOTOPES 


By isotopes is meant the radioactive and stable nuclides that are of the 
same element and are distinguishable one from another either by their radio- 
active radiations or by their mass as measured in the mass spectrometer. In 
this first section the uses in industry which exist because the isotopes are 
chemically identical, or nearly identical, with the ordinary nuclides consti- 
tuting the main part of the element will be discussed. 

Nutrition of farm animals.—By the use of radioisotopes, the metabolism 
of many elements in farm animals can be followed conveniently from their 
uptake in food in the form of elements and compounds, through their incor- 
poration into various regions of the body, and finally to their degradation 
and excretion. Tracer techniques are of extreme value in such nutritional 
studies. For example, an element which occurs in amounts of only a few 
parts per 100,000,000 parts of feed can be traced from the feed, through the 
digestive tract, and finally to its location in the tissues of a 1000-pound ani- 
mal. All this can be done without interference with the normal physiology 
of the animal. 

Many elements are required in small amounts by farm animals. For ex- 
ample, a lack of cobalt in the diet decreases the formation of vitamin Bip. 
Tracer techniques also showed that high levels of molybdenum in cattle feed 
inhibit synthesis of vitamin Biz. Vitamin Biz labeled with cobalt 60 has been 
used for many types of investigation with farm animals. For example, it is 
transferred from the body of the cow to its milk during lactation, and the 
vitamin By, content of milk may be used as an indication of the status of the 
cobalt nutrition. Vitamin Bi, also is transferred {rom the hen to the egg; the 
amount deposited in the egg actually is the principal source for the chick up 
to several weeks after hatching. Even 12 weeks after hatching, the original 
vitamin in the egg represents an appreciable part of the total vitamin in the 
bird. 

Sulfur is rapidly metabolized by animals. For example, the milk proteins 
of goats contained radioactivity within three hours after the goats were fed 
sodium sulfate labeled with radioactive sulfur 35. Until recently it was 
thought that chickens could not use sulfur in the form of inorganic sulfate 
for synthesizing sulfur-containing organic compounds such as the amino acid 
cystine. Again, with the use of radioactive sulfur, it has been possible to show 


1 The survey of literature pertaining to this review was concluded September 30, 
1960, 
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that both hens and growing chicks can utilize inorganic sulfur. In fact, under 
certain conditions, the addition of sulfate to certain poultry feed increases 
the rate of chicken growth. The growth of cattle and sheep on a low-protein 
diet can be increased by feeding them inorganic sulfur. 

Isotope techniques have permitted important practical studies on the ab- 
sorption and utilization of calcium from feed by farm animals. These studies 
are complicated by the loss of endogenous calcium from the blood through 
the intestinal wall into the feces. The availability of radioactive calcium 45 
has made such studies much simpler. It has been shown, for example, that 
the level of endogenous calcium in feces changes appreciably with age, be- 
coming progressively greater in older animals, and that both calves and 
adult cattle can obtain large amounts of calcium from powdered limestone 
in the feed. It was found further that calves could absorb and retain signifi- 
cantly more calcium from milk than from hay or grain. Other tracer studies 
permit livestock feeders to get more efficiency from feed by more careful con- 
trol of the calcium-phosphorus ratio of the diet and by eliminating high con- 
centrations of materials which adversely affect absorption of these elements. 

As indicated in the selected examples, radioactive tracer techniques 
have been of great importance in studying the mineral nutrition of farm 
animals. Tracer methods have been perhaps even more important in study- 
ing the uptake and metabolism of organic foodstuffs. In the past, most de- 
tailed nutritional studies on animals were carried out with small laboratory 
mammals; large farm animals have not been widely used because of the ex- 
pense of purified diets. The use of tracer techniques, however, has permitted 
nutritional studies in livestock as well as in the smaller animals. Studies with 
tagged compounds have been carried out with vitamin A, the lack of which 
sometimes produces impaired vision in cattle. Other tracer studies have led to 
techniques for correcting deficiencies in the amino acid methionine in dry 
plant livestock feeds by the addition of compounds such as choline and 
betaine. 

Milk production—A study of the biochemical functions of microorgan- 
isms that inhabit the stomachs of grazing animals may result in methods of 
controlling the chemical composition of milk. Grazing animals that chew 
their own cud (ruminants) depend for their existence on billions of bacteria 
and other microbes contained in the rumen (first compartment of the rumi- 
nant stomach). These microbes produce materials necessary to the life of 
ruminant animals. In this way, the tiny organisms are in effect a ‘‘fluid tis- 
sue”’ and are just as vital to the animal as the tissues of solid organs, i.e., the 
heart, liver, and kidneys. 

The ruminant is dependent upon a supply of fatty acids for its existence; 
these acids are the fermentation end-products of carbohydrates taken into 
the animal system in feed such as hay. Some complex carbohydrates are 
manufactured and stored by the microbes in the rumen. The complex carbo- 
hydrates made by rumen microbes are called polysaccharides and constitute 
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a reserve source of energy for the microbes. This storage polysaccharide is 
chemically identical regardless of which species of microbes is involved in its 
production; and the same end-products, fatty acids, are formed from the 
storage polysaccharide and from rapidly used external energy materials. This 
means the ruminant is assured of a continuous supply of the fatty acids upon 
which it depends. 

Once the role of this “‘fluid tissue’ in manufacture of milk components is 
understood, as well as what the animal system does with products formed by 
the rumen bacteria, controlling the type of milk produced by the ruminant 
may be possible. For example, milk low in fat might be obtainable directly 
from the cow, making unnecessary the mechanical processing to reduce fat 
content. 

Control of end-products formed by the rumen microflora also may result 
in regulation of the chemical composition of milk. Scientists must first under- 
stand what substances go into manufacture of the milk component they want 
to control, and they must know what substances are produced from the ma- 
terials that the animal is fed. Then the principle of physiological control 
might be extended to include regulation of other animal products, such as 
proteins, 

Cattle breeds of temperate areas (such as the Shorthorn) do very poorly 
in tropical areas. As environmental temperatures approach 80°F, food con- 
sumption, milk production, and growth rate begin to fall off, and at 100°F 
these processes drop to perhaps one-quarter the ordinary values. The thy- 
roid secretory activity of cattle, as studied with radioactive iodine, showed 
a temperature dependence that paralleled the processes listed above. On the 
other hand, the thyroid activity of Zebu cattle (a tropical breed) remained 
the same over a very wide environmental temperature range; also the food 
consumption and growth of these cattle are essentially independent of tem- 
perature. Basic studies of this type may some day permit the raising of high- 
productivity temperate zone cattle in tropical regions, perhaps as the result 
of appropriate hormone treatments (1). 

Detergent residues on food products——Detergents are frequently difficult 
to remove completely, and it is important that the degree of removal be 
measurable because of possible deleterious effects upon foodstuffs. Alkylben- 
zene sulfonate labeled with sulfur 35 is used in a typical case. In general, over 
98 per cent of the total detergent can be followed in the washing process by 
using the radioactive sulfur radiation as detected by a Geiger counter, 
whereas ordinary methods keep track of only 85 per cent, some 15 per cent 
being lost. All relevant experiences today demonstrate the superiority of the 
radioisotope tracer method in sensitivity and reliability. 

Use of potassium-40 gammas to estimate lean meat content.—A rapid, ob- 
jective, and nondestructive method using natural potassium-40 radiation for 
determining the amount of lean meat present in live animals, carcasses, and 
cuts of meat is of considerable value in improving the pricing efficiency in- 





464 LIBBY 


volved in the marketing of livestock and meat. Objective evaluation of the 
amount of lean meat present makes it possible to set a price that better re- 
flects the desirability of the product (2, 3). 

Potassium 40 occurs naturally, so it may be thought to be different from 
those isotopes which are synthetic and short lived. Potassium 40, with its 
half life of 1.3 billion years, is left over from the original genesis of the 
elements. It is naturally present in ordinary potassium at .0119 per cent. 
Table I, taken from (3), shows the results for various kinds of meat and fat. 
This application seems to be particularly promising. 


TABLE I 
K4°9 MEASUREMENTS OF LEAN AND FAT HAM 








Chemical analysis 





Weight K* (cpm/Ib) 
Sample (Ib.) counting rate Water Fat Lean 


(%)* (%)**t 





100% lean 59.50 
55% lean 51.00 
50% lean 58.13 
45% lean 61.13 

100% fat 57.56 

Fat jacketft 47.31 

Fat and lean§ 58.81 
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* These percentages are by weight. Fat and lean should add up to 100%. They fail 
to do so only because of experimental error. 

t Estimate from nitrogen measurement. 

t Roll of lean surrounded by roll of fat. 

§ Roll of lean end-on to roll of fat. 


Isotope dilution.—Isotope dilution can be used with either stable or 
radioactive isotopes. The procedure involves introduction of a known weight 
of material with a known amount of radioactivity into a sample of a com- 
pound to be assayed. By thorough mixing, the known concentration that 
was added is diluted by an amount proportional to the unknown amount of 
material present in the original sample. A small amount of the pure com- 
pound is separated and its final concentration of radioactivity determined. 
It then is possible to calculate the amount of material present in the original 
sample that produced the change in the specific activity, the concentration 
of the radioactivity, in the sample. 

This method is used quite extensively in a wide variety of problems, for 
example, in chemical research to determine the amount of six different sul- 
fur-containing compounds in the same mixture. The same technique can be 
used to determine the volume of liquid in a complex industrial system (4). 

Particularly important in the isotope dilution method are the compounds 
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of radioactive carbon (carbon 14) and tritium (radioactive hydrogen), for 
from them can be made the radioactive molecules for application of the iso- 
tope dilution technique in organic analyses. The synthetic problems may be 
of considerable difficulty. They have been attacked by the classical method 
of synthetic organic chemistry, supported by two new techniques—the Wilz- 
bach method of synthesis of tritium compounds by direct exposure to tritium 
gas (5)—and biosynthesis, the growing of the compounds in radioactive en- 
vironment. The largest single biosynthesis installation is that at the Argonne 
National Laboratory (6). The combination of the three techniques men- 
tioned makes it possible to synthesize most organic compounds, at least in a 
randomly labeled way. 

Of course, after biosynthesis, or with any of the three methods, it is neces- 
sary to purify and separate out the particular compounds desired. This is 
usually done by chromatographic methods, either paper or gaseous. These 
techniques are particularly valuable, since counters can be used to detect the 
radiation, either on the paper or in the gas stream itself. 

Water movement.—The ideal tracer for water is tritium (radioactive hy- 
drogen). It occurs in nature and can be used to detect rain water, since rain 
water has a tritium concentration derived from the cosmic ray bombardment 
of the atmosphere and from nuclear weapons tests. After the rain water has 
stood for twelve years, it loses half its tritium content because of radioactive 
decay. It thus is possible to tell the age of water in the sense of the time lapse 
since it fell as rain. In this way the age of underground waters can be meas- 


ured and their origin and flow patterns studied. The technique will be par- 
ticularly valuable when it is supplemented with the injection of known 
amounts of tritium in known localities. This has not been done to any great 
extent. However, there is considerable information about cosmic ray and 
bomb tritium in ground, river, and ocean waters (7 to 24), so these can be 
used for tracer purposes. 


Uses AS RADIOACTIVE NONISOTOPIC TRACERS 


There are many uses of radioactive isotopes that do not take advantage 
of the fact that the isotopes have the same chemical characteristics as the 
nonradioactive partner nuclides in the element, but merely use them as radia- 
tion sources in tracer applications. 

Many applications have been made of isotopes carried in foreign bodies 
as radiation sources into slurries so that the mechanics of slurry mixing 
processes can be studied. In particular, this technique has proven useful in 
controlling and monitoring the operation of catalytic cracking units in oil 
refineries; radioactive pellets are introduced into the catalyst powder in 
order to trace its movement (25). The volume of liquid in a closed system 
may be measured with a radioactive tracer by the dilution method: a known 
volume of radioactive solution is introduced and allowed to mix (either by 
circulation or by internal stirring); the tracer concentration is measured 
after mixing in comparison with the initial concentration of the tracer; the 
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dilution ratio multiplied by the original volume gives the desired unknown 
volume (26). Another application of the technique is the Hull total-count 
method (26), which is based on the principle that the total number of gamma 
rays registered by a Geiger counter strapped to a pipe through which fluid 
containing a fixed amount of radioactive isotope is flowing varies inversely 
with the velocity of the flow. At the same time, the integrated count is inde- 
pendent of the way in which the radioactive intensity varies along the stream 
as long as it passes at constant speed. This principle, which can be demon- 
strated mathematically, is valuable in actual practice. 

There are many applications of radioactive isotopes as nonisotopic tracers 
in attrition studies. One of the most celebrated is the use of radioactive en- 
gine parts to study wear as first proposed by Ferris (27) in 1943. In 1948, 
Hull and co-workers (28) showed the way to inexpensive and practical radio- 
active engine tests by neutron activation of standard piston rings inside a 
nuclear reactor. This technique has been used to study the influence of fuels, 
lubricants, and operating variables on engine wear rates. It has also been 
applied to field tests and ordinary passenger car service using a radioactive 
ring in the top front cylinder in each car; these tests demonstrate the efficacy 
of a high detergent-type oil for reducing ring wear in cars. The radioactive 
ring technique is about fifty times as fast as the weight loss method used be- 
fore, and the reproducibility of wear rates obtained is much better. 

A similar technique has been used in measuring gear wear, using neutron- 
irradiated gears. Other examples of engine parts that have been irradiated 
for wear lubricant testing are combustion cylinder liners, ball bearings, and 
piston-ring rest pins for Diesel locomotives. 

The diversion of any fluid stream from one channel to another can be 
readily detected with radioactive tracers. Sometimes the extent of such a 
leak can be measured quantitatively. This technique of leak detection has 
wide applicability. 

A significant application of the isotopic tracer technique is to the meas- 
urement of the movement of oil in pipelines. When two different stocks are 
adjacent in a pipeline, the introduction of a gamma-emitting tracer in one of 
these or at the interface between them allows the position of the interface to 
be fixed by means of its radioactivity. It is thus possible to distinguish be- 
tween the two stocks, or rather to locate the interface, and Geiger counters 
attached to the pipeline can tell when the interface passes. Antimony 124 in 
the form of triphenylstibine is most widely used for this purpose, but co- 
balt-60 naphthenate is also used. A millicurie of a radioisotope provides a 
satisfactory signal in most cases. 

Other examples are the determination of the uniformity of mixing of ce- 
ment, the following of littoral drift using radioactive glass sand, and the full- 
scale measurements of siltation in estuaries. In the manufacture of paper 
pulp, wood chips are treated with cooking liquor for a suitable period in di- 
gesters, with a forced liquor circulation to ensure uniform treatment. The 
circulation carries the process heat, and the circulation characteristics thus 
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are important for the quality of the pulp produced. One tracer used is sodium 
24; about 5 mc have been found by experience to be suitable. It is injected into 
the system as an aqueous solution by means of a simple apparatus, and the 
activity of the circulating liquor after the injection is recorded continuously 
at a point in the external part of the circulation system. A series of evenly 
spaced activity maxima corresponding to each cycle of circulation is found. 
These peaks broaden increasingly for each cycle, and finally successive peaks 
start to overlap as the process continues. 

Material flow in sponge iron furnaces.—Sponge iron is produced in a con- 
tinuous process, involving reduction of sintered iron ore concentrate with 
gas. Because of its high reactivity the sponge iron must be cooled before 
meeting the open air, and it is therefore collected in closed containers, which 
are kept closed for several days before opening. The sponge pellets can only 
be inspected through a small window as they leave the furnace; it is thus 
difficult to study the transport of single pellets through the furnace and to 
find the transport rate by, for instance, the addition of colored pellets at dif- 
ferent points in the furnace and visual determination of the time of their ap- 
pearance at the outlet. Radioactive tracer methods have, however, been used 
successfully for this purpose. Chamotte balls were made of the same size as 
the iron ore pellets, and small pieces of irradiated platinum-iridium wire were 
enclosed in the balls. These were added to the charge at different points in 
the furnace, and the time when they left the furnace was determined with a 
scintillation detector connected to a recorder. The furnace outlet was con- 
nected to the container by a tube. The detector was mounted outside this 
tube. Experiments had shown that an activity of 100 uc of Ir'®? gave signifi- 
cant signals to the recorder if the labeled ball was dropped in front of the de- 
tector. The pellets were supposed to pass the detector at a constant distance 
as the tube was not vertical. These balls labeled with different amounts 
of active material should give different signals. Three balls labelled with 50, 
150, and 500 we Ir'*? were placed at three different points at one level in the 
furnace. One ball was placed in the center, one close to the wall, and the 
third at a point between these two. The balls are unambiguously identified 
by the different heights of the peaks in the diagram. A certain difference in 
transport time was found, as expected from the construction of the furnace. 
The results from several series of investigations indicated, however, that the 
operation of the furnace showed excellent stability as far as the flow rate of 
the pellets was concerned and that the rates along different verticals were 
quite uniform. 

Among these various applications, perhaps one of the most underde- 
veloped at this time is the total-count method for measuring flow. It de- 
pends on the principle, as stated above, that a finite amount of radioactivity 
introduced into a flowing stream and passing a counter gives a number of 
counts inversely proportional to its flow rate. After measurement of the geo- 
metrical factors involved, it is possible to make an absolute measurement of 
the flow rate (29). 
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UsEs AS RADIATION SOURCES FOR GAUGING 


Some of the more important uses of isotopes in industry apply the pene- 
trating power and absorbability of the isotopic radiations to measurements 
of thickness and locations in manufacturing processes. Of all these, probably 
the most important is the beta thickness gauge. 

Beta-particle transmission gauges are used routinely for measurements 
from 1 to 1200 mg/cm?. Several different sources are needed to cover this 
range adequately. For measuring a particular thickness of material with the 
best possible accuracy, it is desirable to choose a source of beta particles such 
that they are at least 50 per cent absorbed in the thickness to be measured. 
When this is done, since the emergent radiation falls off nearly exponentially 
with thickness, relatively small changes in thickness result in easily measur- 
able changes in the number of emergent beta particles. The apparent ad- 
vantages in sensitivity of using beta particles that are heavily absorbed are 
offset by statistical fluctuations when only a few particles emerge to the de- 
tector. Generally, beta particles from a given source can be used successfully 
for measurements from 0.2 to 4 times the “half thickness’”’ for absorption of 
the particles, and best results (thickness to about 1%) are obtained at the 
equivalent of 0.5 to 2 half thicknesses. For low-energy beta particles, the 
range is further limited by absorption in air between the source and detector, 
and in the detector window. 

Pure beta emitters are preferred as sources, especially for the smaller 
thicknesses, since the more penetrating gamma rays are only slightly ab- 
sorbed and reduce the sensitivity of the system to changes in thickness. 
Long half life is desirable to avoid the need for frequent recalibration. High 
specific activity is required, especially when the beta-particle energy is low; 
otherwise self-absorption limits the effective strength of the source. For ex- 
ample, early attempts to employ Ca* (maximum beta-particle energy 0.25 
Mev) have been superseded by the use of Pm"’, which is more easily pro- 
duced in high specific activity (as a fission product) and has a longer half life. 
Table II shows a series of beta emitters in popular use for thickness gauges. 

Most of these sources are now available as foils containing the radioac- 
tive material sealed between thin sheets of silver. Thallium 204 is supplied 
as an electroplated deposit, covered with a thin protective plating of cad- 
mium. Activities from 5 to 20 mc are commonly used in conjunction with 
ionization chambers as detectors. 

Much greater thicknesses up to several inches of steel can be measured 
by use of gamma-ray sources. A typical application is to the gauging of hot- 
rolled metal strips. A useful series of gamma emitters is given in Table III 
(30). 

One of the important applications of isotopes in industry is radiography. 
The isotopes most commonly used for radiographic testing of such products 
as castings and welds are cobalt 69, cesium 137, and iridium 192. 

The level gauge is similar in operation to thickness and density gauges in 
that it measures changes in radiation intensity produced by an intervening 
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TABLE II 
Sources OF BETA PARTICLES USED IN THICKNESS GAUGES 








Approximate Approximate 
Maximum energy half thick- useful range 





laotope Hall Ee (Mev) ness of operation 
mg/cm? (Al) mg/cm? 

S% 87 days 0.167 2.0 0.5-5 
Pm"? 2.6 yr 0.23 4.5 1-12 
T1294 4 yr 0.77 35 10-150 
Sr% 20 yr 0.53 17 

+y% (in equilibrium) 2.2 160 50-650 
Ce 280 days 0.30 7.5 

+Pri# (in equilibrium) 3.0(+7 rays) 220 100-1000 
Ru? 1.0 yr 0.03 

+Rh'% (in equilibrium) 3.5(+y7 rays) 270 130-1200 





material. Commonly, the radioisotope source is attached to one side of a tank 
or vessel, and the detecting instrument is attached to the other side. When 
the content rises, it cuts off or reduces the beam of radiation to the radiation- 
measuring instrument. When it is desirable to read variations in level from 
a gauge, the source and detection instruments are placed so that the beam 
passes directly or diagonally from top to bottom of the vessel. Changes in 
level can then be read from a calibrated instrument activated by variations 
in beam intensity reaching the detector. 

Level gauges are most useful where heat, pressure, corrosive substances, 
or the difficulties of maintenance make it impossible or undesirable to use 
level measuring devices of the contact type. Liquid-level gauges are widely 
used in the petroleum industry to measure the level of hydrocarbons in 
cracking units and tank farms, and in the chemical industry for determining 
the height of various materials in closed vessels or reactors. The levels of 
molten glass, molten metals, and paper pulp slurries in closed vessels are also 


TABLE III 


GAMMA EMITTERS USED IN THICKNESS GAUGES 











Isotope Half life Gamma-ray energy (Mev) 
Tm!70 127 days 0.085 
Se’ 127 days 0.40-0 .067 many y rays 
Ir192 74 days 0.61-0.14 many 7 rays 
(mean about 0.5 Mev) 
Cs!37 4+-Balsim 33 yr 0.66 


Co®? 5.23 yr 1.33, 1.17 
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being measured in this manner. In addition, the heights of solids, such as 
catalysts in hoppers or scrap metal in cupolas, are being controlled with 
radioisotope-level gauges (31). 


INDUSTRIAL USES OF RADIATION 


The industrial uses of radiation from radioactive isotopes are important 
and promise to become more important as the present uses are further ap- 
plied and new uses developed. The radiation from isotopes falls into two gen- 
eral classes: the soft and readily absorbed beta radiation and the hard and 
more penetrating gamma radiation. The isotopes differ in the particular pro- 
portions of beta and gamma radiation, and each must be considered for its 
own properties, but it is generally true that convenient and inexpensive 
sources of both kinds of radiation are supplied from the atomic energy plants 
either as waste products—that is, fission products—or as a result of neutron 
irradiation in reactors, such as cobalt 60. A third source of radiation, of 
course, is the reactor itself. And in some of the future uses of radiation it is 
to be expected that reactors will be the source, for they are the cheapest 
source per unit of radiation delivered. One can envisage the possible utiliza- 
tion of a reactor for four products—power, heat, isotopes, and reactor radia- 
tion; i.e., reactors might be constructed in the future to deliver these four 
products and furnish these four kinds of income. 

The principal present industrial uses of isotopic radiation are plant muta- 
tions for production of superior crop plants, pest control, and power sources. 


PLANT MUTATIONS FOR PRODUCTION OF SUPERIOR CROP PLANTS 


The production of improved agricultural and ornamental plant varieties 
requires many years of deliberate breeding and selection to obtain desired 
characteristics. The breeder needs a large pool of genetically variable source 
material for selective combination into a new variety. Ionizing radiation 
helps to provide this pool, since it produces rapidly a great variety of genetic 
changes in plant stocks. 

With the use of radiation-altered stocks, abrupt improvements in re- 
sistance to disease have been produced. Small improvements in yield or in 
maturation time of crops have been achieved. The synthesis of small, inde- 
pendent, but scattered changes into one new variety can give surprisingly 
good results. Favorable genetic changes make up, of course, only a tiny 
fraction of all the changes produced by radiation, and the plant breeder 
still must eliminate and select with patience and care. 

Irradiation of seeds used extensively in the United States has produced 
a number of promising mutations. Two new plant varieties obtained in this 
way have been formally released to plant breeders for practical agricultural 
use. One, the “Sanilac” bush navy bean, in several years of testing, out- 
produced the parent variety by approximately 30 per cent per acre and re- 
quired fewer days from planting to harvesting. The other is an improved 
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variety of peanut released to commercial sources two years ago; this peanut 
has higher yield and greater disease resistance. 

Ionizing radiation also is used to produce somatic mutations in plants, 
such as fruit trees, that can be propagated with cuttings or grafts. Another 
technique involves using radiation to fragment chromosomes—genetic ma- 
terials in reproductive cells—to permit recombining genes or sections of 
chromosomes in desired crosses. This technique has been successfully used 
in introducing genes for leaf rust resistance into wheat. 

Disease-resistant strains have been reported in experiments with wheat, 
oats, and flax. High-yield dwarf forms of cereal grasses have been observed 
which suffer less wind damage than do customary strains. Encouraging re- 
sults are reported from attempts to use mutation to eliminate a factor toxic to 
livestock from certain otherwise useful forage plants. Fruit trees grown in 
low levels of gamma radiation for several years and permitted to return to 
normal growth are being analyzed for possible useful mutations. 

Two beneficial mutations have been reported in such experiments on 
peach trees: one branch on a Fairhaven peach tree bears fruit which ripens 
approximately ten days earlier than normal; a branch on a different tree 
ripens its fruit some three weeks later than normal. These two radiation- 
induced mutations may lead to increasing by more than a month the season 
over which the fresh fruit can be available (32). 

Some of the useful and potentially useful plant mutations induced by 
irradiation are summarized in Table IV. 


Pest CONTROL 


A fundamentally new method for controlling animal populations—one 
that enlists the reproductive process of the species in its own extinction— 
has entirely eradicated a major agricultural insect pest throughout a large 
continental region. The pest is the screw-worm fly which infests livestock; 
not a single screw-worm fly has been seen in the southeastern United States 
for almost two years. This unprecedented achievement was effected within a 
few months, the first time the self-eradication method was tried on such a 
large scale, and suggests that this method may be applied with the same re- 
sults to other insect species and to rodents and other pests. 

Entomologists and veterinarians of the Agricultural Research Service of 
the U. S. Department of Agriculture and the Florida Livestock Board reared 
millions of screw-worm flies in what was literally a screw-worm factory. The 
insects were made sexually sterile by exposure to high-energy radiation. 
They were then released in the infested area. The sterile males, mating with 
the females in the natural population, nullified their reproductive capacity. 
The result was the complete elimination of the natural population. 

The new method offers obvious advantages over conventional techniques 
directed at killing the living generations of the pest. In the first place, it is 
highly selective, involving only the single target species and leaving the rest 
of the ecological system completely undisturbed. Secondly, no species can 
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TABLE IV 





MutTAtTIons INDUCED (33) 


(Some Examples of Useful or Potentially Useful Mutations or 
Sports Obtained in Plants by Irradiation*) 








Character improved 
or modified 


Character or direction 


of change 


Plant 





IN CROP PLANTS 


Disease resistance 


Insect resistance 


Growth habit 


Maturity 


Self-incompatibility 


Quality 


Yield 


Hardiness 


To stem rust 
To stripe rust 


To Victoria blight 


Leafspot 
To gall fly 
Shorter 
Taller 
Dwarf 
Giant 


Earliness 
Lateness 


To self-fertility 
Improved 


Increased 


Increased 


Barley, oats, wheat 
Wheat 
Oats 


Peanut 

Sesame 

Barley, flax, oats, rice, wheat 
Flax, jute 

Sorghum, bean 


Pea, peanut, red clover 


Barley, oats, soybean 
Barley, oats, wheat 


Red and white clovers 
Tobacco, wheat 


Oil mustard, peanut, peas, sesame, 
barley, oats, wheat 


Oats, wheat 





IN HORTICULTURAL PLANTS 


Disease resistance 
Flower color, shape, size 


Self-incompatibility 
Growth habit 

Leaf shape and color 
Quality 

Fruit size 

Fruit color 

Time of ripening 


To rust 
Various 


Self-fertility 
Varied 
Various 


Varied improvement 


Increased 
Improved 


Earlier and later 


Black currant 

African violet, carnation, cyclamen, 
petunia, phlox, snapdragon, tulip 

Sweet cherry 

Black currant 

African violet, apple, phlox 

Black currant 

Black currant 

Apple, pear 

Peach 





* Some of these mutants have been induced at Brookhaven, but the majority are 
summarized from published articles. Space does not allow references to the original 
literature citations, but most of these may be found in articles (34 to 37). 

Source: Sparrow, A. H., and Konzak, C. F. (1958) (38). 
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acquire immunity to sterile matings as it can to the insecticides used in the 
past. There is a third and not so apparent advantage. Killing agents tend to 
become progressively less efficient as the pest population declines, and so 
leave a few survivors to begin the cycle of geometric population increase all 
over again. The sterile-male method has the theoretical and, as shown with 
the screw-worm fly, practical capability of becoming increasingly efficient 
as the pest population reaches the vanishing point. 

There are nonetheless disadvantages inherent in the method when it 
comes to planning campaigns against certain species and throughout large 
geographic regions. But eradication of the screw-worm fly surely urges the 
search for similar uses. The screw-worm fly itself remains a major objective. 
It continues to infest the livestock of the Southwest, where losses are esti- 
mated at $25 million each year (39). 

The adult screw-worm fly lays a compact mass of two to three hundred 
eggs in the wounds of warm-blooded animals. The insect is especially damag- 
ing to newborn animals, infesting their navels; in fact, in areas heavily popu- 
lated with screw-worm flies, few newborn calves, lambs, kids, pigs, or other 
young escape attack. Tiny maggots hatch from the eggs in 12 to 24 hr, be- 
coming full-grown in about five days and reaching a length of about 3 in. 
Then they drop out of the wound, burrow into the ground, and change to the 
pupal or resting stage in about one day. The adults emerge from the pupal 
case after about eight days during the summer months, live for two or three 
weeks, and range for many miles. They mate on about the third day after 
emergence, and the females are ready to lay eggs four days later. The gen- 
eration period may thus be as short as three weeks; and in areas where the 
insect survives the year round, there may be ten to twelve generations dur- 
ing each year. The principle by which this eradication of the screw-worm fly 
is conducted is that sterile male flies made sterile by cobalt-60 irradiation 
are released in sufficient numbers to exceed the natural population. For ex- 
ample, even under conditions that are favorable to a fivefold increase in in- 
sect population per generation, it seems that the release of sterile male flies 
in an initial 9 to 1 ratio to the natural population could eliminate the fly in 
five generations. It was found that with this initial ratio, the eggs from the 
mated females were 83 per cent sterile; this was sufficiently close to the 90 per 
cent expected for the case of nondiscrimination between irradiated and nonir- 
radiated males to justify the hope that the method would work. The first tests 
were conducted on Sanibel Island off the west coast of Florida, which has an 
area of 15 square miles and has a natural population of screw-worm flies. 
Irradiated sexually sterile screw-worm males were released at the rate of 100 
per square mile per week for a period of three months. Within two months, 
80 per cent of the screw-worm fly egg masses were sterile, and by the third 
month the natural population had virtually vanished. 

The screw-worm fly precedent inspires people to think about application 
of the technique to other areas and to other varieties of pests, such as the 
oriental melon, Mediterranean and Mexican fruit flies, the pink bollworm, 
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the boll weevil, the sugar cane borer, European corn borer, the gypsy moth, 
and the codling moth. Basic information and experience are still inadequate 
to determine just how far the technique can be applied and further developed. 
It does seem clear, however, that such dramatic success as that experienced 
in the southeastern United States with the screw-worm fly strongly indicates 
many other equally successful applications to be made in the future. 


Isoropic PowER SouRCES —~ 


While there are several methods known for producing electricity from 
radioactive atoms, the most promising technique is based on the thermopile 
principle, which was investigated years ago as a means of converting ordinary 
heat into electricity but was abandoned as uneconomical. With the advent 
of new semiconductor materials and the availability of large quantities of 
radioisotopes, a new type of battery has become practical, and means to ex- 
tend its usefulness are being investigated. Conversion of the by-product ma- 
terial, strontium 90, into a safe and useful isotopic power source will provide 
a unique source of electrical energy. 

During the past year it has been proved practical to use large quantities of 
strontium 90 in this way to produce electricity. The first requirement was to 
find a compound of strontium with proper thermal conductivity, strontium 
density, compressibility, and solubility characteristics. Strontium titanate 
meets the requirements. Strontium titanate melts at 3038°F and is soluble 
in sea water at 60°C to only 10 parts per billion. The solubility in fresh wash 
is not detectable by tracer techniques. As additional protection against en- 
vironmental contamination, the material is triply encapsulated in 0.75 in. 
of Hastaloy C, which has a salt-water corrosion rate of 0.0001 in. per year. 
In addition 1.25 in. of tungsten surround the encapsulated strontium. 

A 5-watt generator has been designed and is under construction to 
power an automatic data telemetering station. The construction of the 
battery is simple: strontium titanate ceramic pellets (containing about 20,000 
curies of Sr®’) are encapsulated and sealed in a tungsten heat sink; 72 pairs of 
lead telluride thermocouples are placed around the heat sink and connected 
electrically. 

The generator is capable of continuously delivering 5 watts at 4.0 volts 
dc for two years unattended. Even then its limit is the electronic equipment 
rather than the isotopic generator. The equipment will be capable of tele- 
metering data at programmed times or on call from remote regions and will 
collect information such as meteorological observations from previously 
inaccessible regions (40). 

The ultimate capability for producing power by isotope radiation is 
small. Since only a minute fraction of the total fission energy resides in the 
decay energy of the long-lived fission products and since production of radio- 
active isotopes, such as cobalt 60, by neutron irradiation is a highly ineffi- 
cient process, large amounts of power can probably never be made from iso- 
tope radiation sources. There are, however, many instances in which the 
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light weight and small need for maintenance are commanding features. An 
example is distant weather stations where the isotope power source will 
serve to charge batteries which, on occasion, send back weather information 
to the home station. The isotope power source is unique. Of course, the most 
important application and the most obvious one is to space-exploration prob- 
lems requiring light-weight power sources capable of delivering up to several 
hundred watts of electric power. Above this power level, it is necessary to 
use nuclear reactors. Early in the program, it was recognized that the de- 
velopment of the radioisotope power source for space uses would take a rela- 
tively short time, and in January 1959 the first success was reported with a 
4%-in. diameter, 5-lb device generating 5 watts of electricity, fueled in this 
instance, however, with the natural isotope polonium 210. This device was a 
‘proof of principle’ effort. The next stage is, of course, to use fission prod- 
ucts, such as strontium 90, and there seems to be no doubt that these sources 
will be completely successful in those applications where the small amounts 
of power they can deliver will suffice. 


POTENTIAL NEW USES 
Foop PRESERVATION BY IRRADIATION 


Research on the radiation processing of foods commenced over ten years 
ago. Within the past six years a full-scale development program has been 
concentrated in the United States on this new concept in food technology. 
Work on radiation-processed foods in other countries has also been initiated 
and is being pursued actively. Major effort in the United States has been 
supported by the government, primarily the Department of Defense, 
through contractual research projects at universities, research institutes, 
and private companies. Current selected information on radiation-processed 
foods technology can be found in the report on the Massachusetts Institute of 
Technology International Conference on the Preservation of Foods by 
Ionizing Radiation. A comprehensive survey of the field through 1957 is 
contained in the U. S. Army Quartermaster Corps publication entitled Radi- 
ation Presrvation of Food (41). However, the rate of accumulation of in- 
formation in this subject area has increased sharply since the latter book was 
published. A good general reference is the material contained in the Hearings 
on the National Food Irradiation Research Program—Jan. 14 and 15, 1960— 
held before the Joint Committee on Atomic Energy of the Congress, Parts I and 
ITI (42). 

The comprehensive research and development program on radiation 
processing of food has revealed some products having a potential for com- 
mercialization. However, the radiation sterilization of some meats, such as 
beef, still poses major problems. Other items, such as chicken, fish, and pork 
products, show promise as completely sterile products. Generally, however, 
substerilization offers more immediate promise since effects on quality 
(flavor, texture, and color) are minimized and the processing costs more 
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nearly approach those of conventional processing methods. The sub- 
sterilization of marine products, chicken, and some selected fruit products, 
such as strawberries, to extend shelf-life appears promising (42). 

In the development of radiation as a general processing agent, we are 
concerned with putting to work the millions of curies of fission products and 
other sources of radiation energy being produced in our atomic energy pro- 
gram. Already radiation energy is being used to yield several products of im- 


TABLE V 


ESTIMATED Costs OF PROCESSING WITH RADIATION SOURCES 














Exposure 
2.5 X10 rep 10 rep 
Spent fuel elements 2.050¢/Ib 0.0820¢/lb 
Gaseous fission products 0.360¢/Ib 0.0144¢/lb 
Separated cesium 137* 0.379¢/lb 0.0152¢/lb 
Sodium 24 0.648¢/lb 0.0260¢/Ib 
Reactor-activated indium 1.402¢/lb 0.0560¢/Ib 
Electron accelerator (7.5-kw) 0.548¢/Ib 0.0722¢/Ib 
Electron accelerator (50-kw) 0.235¢/lb 0.0854¢/Ib 





* Does not include the cost of the cesium source. 


portance in our space and missile program. These specific advances were de- 
veloped by private industry but are based largely upon technology which 
emerged in government programs in the early ’50’s. A concerted effort is 
being made to broaden the scientific base of this technology so that addi- 
tional promising applications of radiation energy can be achieved. 

The costs are potentially quite low. A reasonable set of estimates is given 
in Table V (43). 

As the atomic power reactors become more common and the handling of 
reactor radiation and fission products is better understood, the cost will fall 
even further; e.g., in the sodium graphite reactor being built at Hallam, 
Nebraska, it was hoped at one time to incorporate a loop which took the 
radioactive sodium out of the reactor proper and passed it into an adjacent 
room, where the gamma radiation from the 15-hr half-life radiaoctivity 
could be used to sterilize food. 

The question of the wholesomeness of irradiated food is a serious one, 
but, in general, the indications are favorable. However, the taste of various 
foods is altered somewhat, and it now seems likely that the program using 
less intense radiations than those required for complete sterilization will be 
followed, particularly with certain kinds of fish, as a beginning attack on the 
whole problem of getting the atom to work on the problem of food preserva- 
tion. 
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ORGANIC CHEMICALS 


Radiation can be used to cause chemical reactions which, in the case of 
certain organic chemicals, are unique. The hardening of polyethylene plastic 
by irradiation is a case in point. Cross-links are induced that cause a struc- 
ture to become rigid and glassy, so the plastic can be heated to higher tem- 
peratures before it softens. Similarly, rubber can be vulcanized with irradia- 
tion in a way that produces a superior product. None of these processes as 
yet is commercially economic or practical, but the whole idea of using radia- 
tion as a chemical reagent is catching on to a considerable degree. One of the 
barriers to the development of a radiation chemical industry is the lack of 
understanding of radiation effects on matter. This understanding is coming 
slowly; but as it does come, it seems likely that it will be possible to develop 
important chemical uses for radiation. The subject is still in the research and 
development stage, and it appears it will be some years before a fully prac- 
tical process emerges. The properties of radiation which cause chemical reac- 
tion are fairly well understood, but the nature of the chemical entities that 
react is not clear. It is quite certain in many instances that the free radicals 
produced are responsible; but in other instances the ions produced seem to 
be responsible, at least in part, and it is probable that both are involved to 
a certain degree in almost every case. Radiation is cheap enough in the in- 
ternal parts of an atomic reactor to indicate that if we had any process which 
appeared to be reasonably efficient, the chemical use of radiation might be 
important; in other words, a reactor might operate both as a chemical fac- 
tory and as a power source. 


LIMITATIONS (HEALTH AND REGULATORY) 


Isotopic tracer uses are based on the fact that matter otherwise indis- 
tinguishable can be distinguished by virtue of the radioactivity contained 
in the isotopes, or by virtue of the difference in mass, as in the case of deu- 
terium tracing or in a few instances by other characteristics of the atomic 
nuclei, such as fissionability; in most industrial applications of isotopes, the 
radiations of radioactive isotopes are used. There are two general subclasses 
of the uses—those in which the tracing is the main thing and those in which 
the radiation itself is the main thing, either for purposes of gauging or for 
purposes of radiation treatment or radiation chemical uses. The principles 
of isotopes, of course, contain the seeds for the limitations of the method, and 
these are simple. The radiations can be dangerous. So, in this section, the 
matter of the limitations on isotope uses which the public health demands 
will be discussed. 

The safe handling and use of isotopes has been given a great deal of 
attention by the federal government, particularly the Atomic Energy Com- 
mission, which dealt wisely with the problem by using education as well as 
regulatory techniques. The !aw vests the Atomic Energy Commission with 
the power to control the products of the atomic fission reaction and those 
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isotopes which can be made by neutron irradiation, but it does not give it 
the power to regulate the use of X rays or natural isotopes, such as radium. 
This characteristic of the law has made the work of the Commission some- 
what more specialized than it otherwise would have been, but the broad 
sweep of its responsibility, nevertheless, has meant that the Atomic En- 
ergy Commission has had to deal with the matter of the public health in 
connection with radioactive isotopes since its very inception. Recently, the 
Public Health Service and the Department of Health, Education, and Wel- 
fare have also had to pay increasing attention to this potential hazard. 

The great benefits from isotopes are such that we will want to tolerate 
as general a use of isotopes as is reasonable and safe. So we must become edu- 
cated about them and understand the hazards of radiation, in order to judge 
just how far it is possible to go in living with radiation and isotopes. There are 
various aspects of the problem; the most immediate one is the use of isotopes 
and the hazard that they constitute. Of course, there is a broad, general, 
and underlying hazard of radioactive fallout in time of war, but we are not 
dealing with it here. The question is: ‘“‘Can you safely use isotopes for a par- 
ticular application?”’ And this question is immediate and definite and im- 
portant, and there must be an answer for it. Otherwise, progress in the direc- 
tion of isotope use will stop. 

The basic threat that radiation constitutes is that it does change tissue. 
It will cause somatic effects, i.e., damage to the health, and it will also cause 
genetic effects, i.e., changes in the characteristics inherited in the children 
and grandchildren and subsequent generations. Now, as stated, these facts 
have their beneficial aspects; e.g., in the treatment of cancer, the excision of 
tissue by irradiation is a standard and useful technique, and in the develop- 
ment of new kinds of plants, the horticulturist finds it useful to irradiate to 
get improved types. The hazard also lies in the same facts, and it must be 
dealt with against the background of the usefulness. A useful guide in this 
connection is the amount of radiation which is normally received from 
uranium, thorium, and potassium naturally present in the ground, and from 
the cosmic rays. The regulations have been set on the basis of the general 
feeling that the tolerable steady dose should not exceed a few times the 
natural dose rate and that even this should be restricted to a relatively small 
fraction of the total population, so that the genetic effects will be minimal. 
(It is a point in principle, of course, in genetics that the genetic effects re- 
quire that large numbers of individuals be exposed in order that they may 
be manifested; i.e., the exposure of a few individuals will not cause wide- 
spread genetic effects.) On the matter of health, however, it is a matter of 
the individual. In general, effects on health are very hard to observe for radi- 
ation exposures below several roentgens in amount, whereas the natural 
dose rate is about .1 to .2 r per year. So one sees that at levels of radiation 
which are a few times the natural dose rate, the ‘‘permissible’’ dose can 
cause no immediately observable effects on health. However, there is a wide- 
spread feeling among certain life scientists who have studied the problem 























INDUSTRIAL USES OF ISOTOPES 479 


that some possibility exists that in a large number of individuals exposed to 
a very small dose, there is a certain probability of the development of serious 
maladies such as cancer. It has not been demonstrated that this is so, nor 
has it been demonstrated that it is not so; the known fact that cancer and 
other maladies can be caused by higher doses leads one to assume for reasons 
of safety that the effects are linear at low dose rates. So most of the regula- 
tions are set up on the linear basis. It is better to play safe in this way than 
to take an unwarranted chance. Further information and further research 
in this area are most important. Of course, we pay a price in having to live 
with regulations which are unnecessarily restrictive in the use of such val- 
uable and generally applicable tools as radioactive isotopes; but until we 
know about the nature of the somatic and genetic effects of low dose rates 
it is difficult to do anything other than to take the linear assumption. On 
the linear assumption, the rules are made so that the tolerances are es- 
sentially of the order of the natural dose effects. And it can be said with 
certainty that, living with these regulations, the effects of radiation will cer- 
tainly be minimal. It is, however, possible that the regulations are unneces- 
sarily restrictive and that as we learn more about the nature of the effects 
of radiation on matter, particularly human tissue and the human genes, we 
will be able to relax somewhat. Conceivably, of course, the trend would go 
the other way, but the general consensus of opinion is that levels of exposure 
that are considered tolerable at present are really safe. 

Practical problems, such as the granting of permission for a proposed use 
of radioactive isotopes or the disposal of radioactive waste, involve the 
people in the community and require the informing of public health officials 
about the effects of radiation on matter, especially on human tissue. And 
this general information is not as widely known as it should be, and so for 
some considerable time there will be a shortage of trained public officials. 
This need is recognized widely, and as the States get into the business of 
helping the Atomic Energy Commission and the Department of Health, 
Education, and Welfare police the atomic energy industry, we will require 
more and more trained people. So there is an educational program now 
under way to train public health officials for the type of inspection and regu- 
latory activities required. The general literature on the subject of radiation 
hazard is voluminous. A few items, however, might be cited. They are: 


Living with Radiation, Vol. | and I], and General Handbook for Radiation 
Monitoring (US Atomic Energy Commission); Disposal of Radioactive 
Waste, Vol. I and II; Proceedings of International Atomic Energy Agency 
(Vienna, 1960); Selected Materials on Radiation Protection Criteria and 
Standards: Their Basis and Use (Joint Committee on Atomic Energy 
Congress of the US, Govt. Printing Office Document 54561); and Hear- 
ings before the Joint Committee on Atomic Energy—Jan. 28, 29, and 30; 
Feb. 2 and 3, 1959—on the Industrial Radioactive Waste Disposal (1959), 
1 and 2 (Govt. Printing Office—No 0-37457). 
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One problem of the atomic age is that radioactive material becomes 
widely disseminated in very small amounts, and though it constitutes es- 
sentially no health hazard, it may become a problem technically. Apparatus 
for the sensitive measurements of small amounts of radioactivity requires 
clean materials of construction, and it is necessary now in writing specifica- 
tions for equipment of this sort to specify clean materials, materials free of 
radioactivity to specified levels. The problem is not yet serious, but could 
become so. For example, lead is normally radioactive because of the natural 
radioisotope, Radium D, but old lead which has lost its RaD (half life 19.4 
years) by decay is not appreciably radioactive and can be used for the con- 
struction of low-level counting equipment whereas young lead cannot. The 
problem of assuring radioactive cleanliness in materials used in photography 
is another example. 
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reactions 
of Cr** with (NH3)5Crci** 
444, 448, 451 
secondary isotope effects, 
440-49 
Sy2 solvolysis, 448 
of organic halides, ni- 
trates, and sulfonates, 
451-52 
spectra 
in light and heavy water, 
450 
substituted 9, 10-dihydro-9, 
10-ethanoanthracene, 
445 
tritium loss, 453 





ultraviolet spectra, 450 
vapor pressure ratio 
P(H,0)/P(HDO), 450 
vibrational frequencies 
in liquid and solid water, 
450 
Isotope identification 
in neutron capture studies, 
288 
see also Neutron capture 
gamma rays 
Isotopes, industrial uses, 
461-82 
beta-particle thickness 
gauges, 468, 469 
calcium utilization 
in farm animal nutrition, 
462 
carbon 14 
in isotope dilution tech- 
niques, 464, 465 
as a chemical reagent, 477 
cobalt deficiency 
in farm animal nutrition, 
461 
dilution techniques 
with isotopes, 464, 465- 
67 
eradication 
of screw-worm fly, 471- 
73 
food preservation 
by irradiation, 475, 476 
possible cost, 476 
gamma-ray thickness 
gauging, 468, 469 
gauging, 468-70 
genetic effects in man, 
478, 479 
isotopic power sources, 
474-75 
lean meat assays 
with potassium-40 
gamma rays, 463-64 
level gauges, 468-70 
limitations, 477-80 
material flow in sponge 
iron furnaces 
by tracer techniques, 467 
metabolism of sulfur 
in farm animals, 461, 
462 
molybdenum effect 
on vitamin By synthesis, 
461 
pest control, 471-74 
plant mutations 
for superior crops, 
470-72 
radioactive nonisotopic 
tracer techniques, 465- 
67 
radioactivity contamination 
problem, 480 
radioisotope battery, 474, 
475 
radioisotope studies 









































of farm animal nutrition, 
461-63 
radiography, 468 
somatic effects 
of radioisotopes in man, 
477-79 
strontium titanate 
for radioisotope power 
generators, 474, 475 
substerilization 
in food preservation by 
irradiation, 475, 476 
tracer techniques 
applied to detergent resi- 
dues on food, 463 
and milk production, 462, 
463 
and oil flow in pipelines, 
468 
paper manufacture, 466, 
467 
and polysaccharide pro- 
duction in cattle, 462, 
463 
and wear in machinery, 
466 
tritium 
in isotope dilution tech- 
niques, 464, 465 
water- movement tracing, 
465 
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K mesons te 
relative parity of K and K 
mesons, 88 
see also Strange particles 
K-meson charge exchange 
cross sections, 70, 71, 
73, 76 
see also Strange particles 
K~-meson reactions, 69-80 
K-meson scattering 
at low energy, 68, 69, 79 
see also Strange particles 


L 


Lambda hyperon 
parity of, see Strange 
particles 
Lambda-pion resonance, 
79-83 
see also Strange particles 
Linear accelerators 
for heavy-ion studies, 
432-36 
see also Heavy-ion accel- 
erators 
Linear energy transfer 
dependence of RBE (rela- 
tive biological effective- 
ness), 214-15 
see also Shielding 
for high-energy accel- 
erators 
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Magnetic form-factors 
of atoms, 305-6, 341-43 
see also Neutron diffrac- 
tion 
Magnetic investigations 
by neutron diffraction 
techniques, 327-44 
see also Neutron diffrac- 
tion 
Magnetic moments 
of elementary particles, 
43, 46 
see also Strange particles 
Magnetic pair spectrometer, 
261 
Magnetic scattering 
of neutrons, 305-6, 341- 
43 
see also Neutron diffrac- 
tion 
Mandelstam representation, 
144-56 
see also Nucleon-nucleon 
scattering 
Masses 
of elementary particles, 
43, 45, 46 
see also Strange particles 
Meson production 
in nucleon-antinucleon 
annihilation, 22-27 
in nucleon-nucleon collis- 
ions 
at cosmic ray energies, 
33-35 
at energies below 30 Bev, 
29-33 
in pion-nucleon collisions, 
27-30 
see also Statistical methods 
Meson-theoretic nucleon- 
nucleon potentials, 
104-43 
Meson-theoretic potential 
comparison with experiment, 
138-43 
see also Nucleon-nucleon 
scattering 
Meteorites 
ablation, 349, 360, 363 
achondrites, 350 
chondrites, 350 
depth effects 
in cosmic ray bombard- 
ment, 350, 359-63 
“falls, " 349 
"finds, " 349 
"irons, " 350 
nuclear effects 
of cosmic rays in, 349-70 
see also Cosmic ray-- 
induced nuclear effects 
nuclear reactions 
induced by cosmic rays, 
357-59 





rare gases, 350 
stone, 35 
stony-iron, 350 
see also Cosmic ray-- 
induced nuclear effects 
Multiply charged ion pro- 
duction 
by electron stripping, 
425-28 
see also Heavy-ion accel- 
erators 
Muon shielding problems 
for high-energy accel- 
erators, 248-49 
Mutations 
produced in plants 
by radioisotopes, 470-72 
see also Isotopes, in- 
dustrial uses 
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Neutral vector boson fields, 
42, 44, 62-64 
see also Strange particles 
Neutron attenuation 
in accelerator shielding, 
218, 221-29, 233, 235, 
236 
see also Shielding 
Neutron capture gamma rays, 
259-302 
absolute radiative neutron 
capture cross sections, 
271, 272 
analysis 
of capture gamma-ray 
spectra, 282-84 
angular correlation meas- 
urements, 265, 266, 
276-78 
bent-crystal spectrometer, 
262, 263 
bound nuclear levels 
properties of, 276-78 
the capturing state 
properties of, 271-76 
cascades 
multiplicity of, 284, 285, 
293 


circular polarization 
of capture gamma rays, 
266-70, 276-78 
of gamma rays averaged 
over cascade spectrum, 
268 
coincidence and angular 
correlation measure- 
ments, 265, 266, 276-78 
Compton spectrometer, 
261, 262 
crystal diffraction spectrom- 
eter, 261-63 
(d, p) stripping reaction 
comparison to neutron 
capture gamma spectra, 
295 
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delayed coincidence tech- 
niques, 266 
deuteron binding energy 
determinations, 271, 272 
energy and intensity meas- 
urements, 260-63 
epithermal neutron capture, 
286-93 
internal conversion meas- 
urements, 263, 265 
isotope identification, 288 
low-energy neutron capture 
theoretical description 
of, 294-97 
magnetic spectrometers, 
261 
neutron capture mechanism, 
293-97 
neutron separation energies, 
271, 272 
Newton's level density 
formula, 283, 284 
180° magnetic pair spec- 
trometer, 261 
partial radiation widths 
of gammas from neutron 
capture, 272-76, 288- 
90, 297 
resonance absorption 
of gamma rays, 270, 274 
scintillation spectrom- 
eters, 260, 261, 289 
spectral distribution 
of gammas, 278-86 
spin assignments 
of epithermal neutron 
capture resonances, 
290-93 
spin determinations 
from angular correlations 
and circular polariza- 
tion measurements, 
276-78 
sum coincidence method, 
265, 266 
techniques 
in epithermal neutron 
capture studies, 287 
thermal neutron capture, 
260-86 
thin-lens 8 spectrometer, 
261 
total radiation widths, 
285, 286, 292, 293-97 
yields of isomeric states 
in neutron capture, 284, 
285 
Neutron capture mechanisms, 
293-97 
Neutron diffraction, 303-48 
antiferromagnetic crystals 
domain properties of, 338- 
39 
auxiliary experimental 
equipment, 313-14 
chemical binding 
effects upon neutron 
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scattering, 306 
coherent nuclear scattering 
amplitudes, 306, 307, 

315-19 
coherent scattering 
from a crystal, 307-8 
composite crystals 
with heavy and light atoms, 
319-23 
compounds 
with special chemical or 
magnetic properties, 
325-26 
critical reflection 
from mirrors, 303, 305, 
315 
crystallography and chemi- 
cal binding, 306, 319- 
27 
equipment, 309-10 
experimental procedures, 
309-14 
ferrimagnetism, 336-38 
ferroelectric compounds, 
323-25 
ferromagnetic crystals 
domain properties of, 
338, 339 
ferromagnetism, 330-32 
hydrogen-containing sub- 
stances, 319-23 
ice structure studies, 321, 
323-24 
incoherent scattering 
from a crystal, 308-9 
indirect magnetic inter- 
action, 332, 333 
inelastic neutron scattering 
in solids, 242, 344 
isotopic effects 
upon neutron scattering, 
307 
liquids and amorphous 
materials, 326-28 
long-range modulation- 
type antiferromagnetic 
structures, 335-36 
magnetic field effects, 
338-39 
magnetic form-factors 
of atoms, 305-6, 341-43 
magnetic inelastic scatter- 
ing, 344 
magnetic investigations, 
327-44 
magnetic moments 
of atoms in magnetic 
alloys, 330-32 
magnetic ordering studies, 
338 
magnetic scattering 
of neutrons by atoms, 
305-6, 341-43 
magnetic transitions, 338 
"magnon" processes 
in magnetic structure, 
344 





"metamagnetics, "' 333-35, 
339 

monochromators, 310 

neutron detection, 310, 
313 

neutron polarization, 340, 
341 


nuclear potential scattering, 
304-5 
neutron-proton interaction, 
317-19 
neutron scattering 
by an atom, 304-6 
by atomic nuclei, 304-7, 
315-19 
neutron source, 309 
nuclear scattering ampli- 
tudes, 306, 307, 315-19 
nuclear scattering effects, 
304-7, 315-19 
nuclear spin dependence 
of neutron scattering, 306 
nuclear studies, 306, 307, 
314-19 
order-disorder phenomena 
in alloy systems, 326 
paramagnetism, 327-30 
"phonon" processes 
in solids, 342, 344 
photographic techniques, 
313 
powder method, 311-12 
scattering of neutrons 
by crystals, 307-9 
single-crystal method, 
312, 313 
super exchange 
in magnetic structures, 
332-33 
tabulated neutron scattering 
data 
for elements and isotopes, 
316 
techniques, 311-14 
theoretical considerations, 
304-9 
Neutron inelastic cross sec- 
tions, 221-25 
see also Shielding 
Neutron mean free path for 
removal 
in shielding materials, 
218, 222-29, 233, 235, 
236 
Neutron-nucleon cross sec- 
tions 
relevant to shielding, 221- 
25 
Neutron polarization 
in neutron diffraction tech- 
niques, 340-41 
see also Neutron diffrac- 
tion 
Neutron-proton scattering 
amplitudes 
at thermal energies, 317- 
19 











Neutrons 
RBE (relative biological 
effectiveness) 
as a function of neutron 
energy, 215-17 
Nonlocal interactions 
in nucleon-nucleon scatter- 
ing, 97 
see also Nucleon-nucleon 
scattering 
Nuclear demagnetization, 
see Nuclear orientation 
Nuclear explosions, detec- 
tion of, 371-418 
acoustic signals 
detection of, 371-73 
acoustic wave propagation 
in a real atmosphere, 
372 
age determination 
of radioactive samples 
from nuclear explosions, 
375-76 
air fluorescence 
produced by explosions in 
space, 411-12 
amplitude of elastic waves 
dependence on energy in 
underground explosion, 
379-80 
atmospheric disturbances 
produced by explosions 
in space, 414 
atmospheric ionization 
produced by explosions 
in space, 412-14 
atmospheric nuclear ex- 
plosions, 371-76 
background acoustic noise, 
372-73 
background electromagnetic 
signals, 374-75 
Compton electron current 
as source of electromag- 
netic signals, 373-74 
detection techniques 
recent research on, 399, 
417 
earthquakes 
frequency and distribution 
of, 393-96 
generation of seismic 
signals by, 379, 381-83 
generation of signals by 
nonfaulting earth motion, 
381, 382 
electromagnetic signals 
dependence on explosion 
asymmetry, 373-74 
detection of, 373-75 
estimation of detection and 
identification capability 
of seismic detection net- 
work, 387-93 
experimental data 
on explosion and earth- 
quake signals, 383-87 
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explosions in space, 399- 
417 


concealment of, 414-16 
ground-based detection 
techniques for, 408-14 
new detection techniques 
for, 417 
shielding of delayed gamma 
rays and visible light 
from, 414-15 
signals generated by, 398- 
401 
visible light from, 408-11 
X-ray shields for, 415-16 
first P-wave motion, 382- 
87 
generation of SH and Love 
waves by earthquakes 
and explosions 
relative efficiency of, 381 
initial source motion 
propagation of, 382-87 
microseismic noise, 383, 
384 
near-zone detection and 
identification capability, 
391-93 
network of seismic stations, 
387-93 
on-site inspection, 395-97 
peak and first motion am- 
plitudes 
as a function of distance 
from the Blanca and 
Logan test explosions, 
384-85 
study of, from earthquakes, 
385-87 
peak P-wave amplitude of 
seismic signals, 383-87 
Project VELA-Hotel, 417 
Project VELA-Sierra, 417 
Project VELA-Uniform, 
399 
radioactive debris 
detection of, 375-76 
satellite-based detection 
techniques, 401-8 
seismicity 
for a given geographical 
region, 395 
seismic signals 
generation of, 377-81 
propagation of, 381-87 
theoretical analysis, 
387-93 
shock wave propagation 
in atmosphere, 371-72 
sign of first P-wave motion, 
382, 383, 386, 387 
underground nuclear ex- 
plosions, 376-99 
cavity formation in, 377-78 
concealment of, 397-99 
decoupling method for, 
397-99 
shock waves from, 377-79 


seismic methods for 
detecting, 376-99 
seismic signals generated 
by, 377-81 
underwater explosions 
detection of, 376 
generation of seismic 
signals by, 376 
yield seismic signal am- 
plitude relation 
from Rainier-Hardtack 
data, 380 


Nuclear orientation, 175- 


212 
angular distribution 
of alpha particles, 201-7, 
210 
of beta particles, 196-99 
of gamma rays, 175, 176, 
179, 198-201 
of nuclear radiations, 
175, 176 
antiferromagnetism, 177 
"axial" alignment 
of promethium isotopes, 
199, 200 
beta anisotropy 
from aligned nuclei, 196- 
99 
beta and gamma emission 
from oriented holmium 
166(m), 198, 199 
"Bleaney" alignment, 195 
"brute force" polarization 
method, 187-91 
"crystal field" wave func- 
tions, 176, 177 
crystalline electric field 
effects 
on electron spin, 176-78 
deuteron polarization 
by nuclear resonance 
techniques, 187 
of diamagnetic atoms 
in ferromagnetic materi- 
als, 193 
diffusion 
of proton polarization, 
185, 186 
dipole-dipole coupling, 
182, 183 
dynamic method for pro- 
ducing, 179-87 
dynamic polarization 
of cobalt 60, 182 
dynamic proton polarization 
experiments, 180 
effective spin Hamiltonian, 
176-79 
electric quadrupole cou- 
pling, 197, 198 
electric quadrupole hyper- 
fine structure, 195, 197, 
198, 200, 203-7, 209, 210 
fission angular distribution, 
201, 202, 207-10 
forbidden "R" and "'S" 
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transitions, 183, 184, 
186, 187 

gamma-ray anisotropy, 
175, 176, 179, 182, 193, 
194, 198-201 

hydrocarbons 

for proton polarization, 

186, 187 

hyperfine structure cou- 
pling, 177-79, 182, 194- 
210 


interaction of polarized 
neutrons 
with polarized holmium 
and gadolinium, 193, 
194 
manganese isotopes, 200, 
01 


methods for producing, 
176-79 
nuclear alignment 
of promethium isotopes, 
199, 200 
nuclear demagnetization 
use for obtaining ex- 
tremely low tempera- 
tures, 189-91 
of nuclei 
included in ferromagnetic 
or antiferromagnetic 
materials, 192-94 
Overhauser method for 
producing, 180, 181 
paramagnetic salts 
use in production of, 
194-210 
pavity nonconservation 
experiments, 196, 197 
partially forbidden transi- 
tions 
saturation of, 181-83 
"planar" alignment 
of promethium isotopes, 
200 
polarization 
of gamma rays, 198, 199, 
201 
of protons, 180, 183, 185- 
87, 188 
"Rose-Gorter" polariza- 
tion, 195 
polarization 
by saturating "forbidden" 
electron resonances, 
182, 183, 184-87 
"Pound" alignment, 195 
scattering of polarized 
neutrons 
from polarized target 
nuclei, 189, 190 
spin-Hamiltonian 
for magnetically dilute 
materials, 176, 177 
static method for producing, 
178, 179, 187-210 
thermal-neutron fission 
of oriented uranium 
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nuclei, 207-10 
uranium and neptunium 
isotope experiments, 
201-10 
using a relaxation process, 
180, 181 
Nuclear scattering effects 
in neutron diffraction 
studies, 304-7, 315-19 
see also Neutron diffrac- 
tion 
Nucleon-antinucleon anni- 
hilation 
meson production, 22-27 
see also Statistical methods 
Nucleon beams 
mean free path 
in shielding materials, 
218, 221, 229, 233, 
235, 236 
Nucleon-nucleon collisions 
at cosmic ray energies 
meson production, 33-35 
at energies under 30 Bev 
meson production, 29-33 
see also Statistical methods 
Nucleon-nucleon scattering 
"adiabatic potential," 107 
analyticity and causality 
relationship between, 
144-45 
analyticity and unitarity, 
143-66 
"anomalous threshhold," 
150 
Bethe-Salpeter equation, 
126-29 
boundary condition models, 
102-3 
Brueckner-Watson method 
for constructing mean 
potentials, 122-24 
Brueckner-Watson (BW) 
potential, 117, 123-24 
canonical transformation 
method 
for obtaining potentials, 
118-19 
Cap potential, 132-33 
charge independence 
in low-energy interactions, 
100-1, 163 
Chew cutoff theory, 125 
"classical" meson field 
model, 130-31 
Clementel-Villi ambiguity, 
157-58 
connection among nucleon- 
nucleon, nucleon-pion, 
and pion-pion scattering, 
151-54 
coupling 
of pseudoscalar mesons 
to nucleons, 111-13 
D-state percentage 
in the deuteron, 100, 139 
depolarization measure- 





ments, 98 b 
deuteron binding energy, 
100 
deuteron magnetic moment, 


deuteron quadrupole moment, 
100 
dispersion relations applied 
to, 143-66 
in energy, 157-58 
double spectral representa- 
tion, 144-56 
early high-energy phenom- 
enology, 101-2 
effectiverange treatment, 98 
Feynman graphs 
general substitution rule 
for, 147 
location of singularities, 
151 
field theory, 108-13 
Foldy-Wouthuysen trans- 
formation 
applied to the Bethe-Sal- 
peter equation, 127 
Frazer-Fulco amplitude, 
164 
Fukuda-Sawada- Taketani 
(FST) potentials, 117, 
122 
Gammel-Thaler potential, 
102 
Gartenhaus potential, 117, 
123-24 
Hamada potential, 134, 
142-43 
“hard core" interaction, 
97, 116 
helicity amplitudes, 164 
interaction between pseudo- 
scalar mesons and 
nucleons, 111-13 
intermediate boson 
between nucleon and pion, 
137-38 
intermediate coupling 
theories, 129-30 
isobar model effects upon, 
102, 103, 137 
Klein-McCormick (KMcC) 
potential, 117, 125, 129 
Konuma-Miyazawa-Otsuki 
(KMO) potential, 117, 
125 
"ladder" approximation 
to two-body equation, 
126, 128 
logarithmic derivative 
in phenomenological 
models, 102-3 
low-energy parameter, 
100-1, 138-39 
L.S potentials, 142-43, 
165, 166 
Mandelstam representation, 
144-56 
meson field theory, 108-13 
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meson-potential calculations 
at high energy, 140-42 
meson-theoretic potentials, 
104-43 
calculation of corrections 
to, 125, 133-38 
comparison with experi- 
ment, 138-43 
general requirements for, 
106 
methods for constructing, 
124-25, 126-29 
modified phase-shift an- 
alysis, 142-43 
neutron-proton scattering, 
101 
"new Tamm-Dancoff" 
schemes, 121 
Nogami-Hasegawa poten- 
tial, 130 
nonlinear meson theories, 
131-33 
nonlocal interactions, 97 
nonrelativistic limit of 
scattering theory 
in terms of potentials, 99 
nonrenormalizability 
of pseudovector coupling 
meson theory, 113 
"nonstatic" or recoil 
corrections, 133-35 
nonweak coupling theories, 
129-33 
one-dimensional dispersion 
relations, 157-58 
one-pion-exchange inter- 
action 
proof of validity, 138-40 
3p and °P phases 
and the tensor force, 103, 
104 
pair processes 
in weak coupling theories, 
113-14 
pair suppression 
in meson theory, 112, 
156 
partial-wave dispersion 
relations, 160-63 
phase-shift analysis, 97, 
103, 104, 140-43 
phenomenological models, 
99-104, 143 
phenomenological poten- 
tials, 103-4 
photodisintegration 
of the deuteron, 139 
pion-nucleon coupling, 
111-13 
pion-nucleon coupling con- 
stant, 152 
pion-nucleon scattering 
pole, 152 
pion-pion interaction effects 
on nucleon-nucleon poten- 
tial, 137, 155, 156 
pion-pion and pion-nucleon 





SUBJECT INDEX 


scattering, 137, 154-56 
pion-pion resonance, 155- 
56 
potentials 
derived from weak cou- 
pling meson theory, 114- 
17 
potentials from field- 
theoretic amplitudes 
construction of, 158-60 
proton-proton scattering, 
101 
pseudoscalar and pseudo- 
vector couplings, 111- 
13 


equivalence of, 111-13 
P-wave phase shifts, 103, 
104, 140-42 
radiative corrections, 136 
recoil corrections, 133-35 
renormalization 
of pseudoscalar coupling 
meson theory, 113 
of the Tamm-Dancoff 
theory, 121-22 
repulsive hard core 
from meson theory, 116 
scattering amplitudes 
singularities in, 145-66 
scattering description 
in the nonrelativistic 
limit, 99 
Schroedinger equation 
used to obtain potentials, 
118-24 
se miphenomenological 
potential models, 143 
separable potentials, 103 
singlet effective range, 
100-1, 139 
singlet scattering lengths, 
100-1, 139 
Sp n-p and p-p scattering 
lengths, 103-4 
static meson potentials 
graphs contributing to, 
114 
static potential or u/M 
limit, 106-7 
strong coupling theories, 
130-31 
Sugawara-Okubo (SO) po- 
tential, 122-27 
Taketani-Machida-Onuma 
(TMO) potential, 117- 
18, 124, 141 
Tamm-Dancoff method, 
119-22, 126-27 
tensor force 
between nucleons, 102 
theories of, 95-174 
triplet effective range, 100 
triplet scattering length, 
100 


two-pion-exchange inter- 
action, 163-65 
unitarity and analyticity, 








143-66 
unphysical region, 152 
vacuum polarization 
in nonlinear theories, 131 
vector mesons 
in strong interactions, 
165-66 
velocity-dependent inter- 
actions, 97, 102, 103, 
106 
weak coupling potentials, 
114-17, 127-29 
weak coupling theories, 
113-29 
Nucleonic cascades in 
shielding materials 
Monte Carlo calculation of, 
232-35 
see also Shielding 
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One-meson exchanges 
in high-energy events, 13, 
14 


see also Statistical methods 
Orientation 
of nuclear spins, 175-212 
of nuclei 
in ferromagnetic or anti- 
ferromagnetic materials, 
192-94 
using a relaxation process, 
180, 181 
see also Nuclear orientation 
Overhauser method 
for producing nuclear 
orientation, 180, 181 
see also Nuclear orientation 
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Paramagnetic impurity atoms 
use for producing nuclear 
orientation, 182-87 
see also Nuclear orientation 
Paramagnetic salts 
use in production of nuclear 
orientation, 194-210 
see also Nuclear orientation 
Paramagnetism studies 
by neutron diffraction tech- 
niques, 327-30 
see also Neutron diffrac- 
tion 
Parities 
of the strange particles, 
46-53, 88 
see also Strange particles 
Parity conservation 
in strong interactions, 
64-68 
see also Strange particles 
Parity nonconservation 
nuclear orientation experi- 
ments, 196, 197 
Partial radiative widths 
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for gamma-ray emission 
in neutron capture, 272- 
76, 288-90, 297 
see also Neutron capture 
gamma rays 
Particle buildup factor 
for high-energy particle 
beams, 220-22, 229-35 
see also Shielding 
Particles 
elementary 
tabulated properties of, 
42-46 
see also Strange particles 
Phase-shift analysis 
for nucleon-nucleon scat- 
tering, 97 
see also Nucleon-nucleon 
scattering 
Phenomenological models 
in nucleon-nucleon scat- 
tering, 99-104, 143 
see also Nucleon-nucleon 
scattering 
"Phonon" processes 
in solids, 342, 34 
Photodisintegration 
of the deuteron, 139 
Pion-hyperon scattering, 
60-61, 77-83 
Pion-nucleon coupling, 111- 
13 


Pion-nucleon system 
interaction Hamiltonian 
densities for, 111-13 
see also Nucleon-nucleon 
scattering 
Polarization 
of deuterons 
by nuclear resonance 
techniques, 187 
of gamma rays 
from oriented nuclei, 
198, 199, 201 


see also Nuclear orienta- 


tion 
of protons 
by the "brute force" 
method, 188 
by nuclear resonance 
techniques, 180, 183, 
185-87 
see also Nuclear orienta- 
tion 
Polarized beams 


in neutron diffraction tech- 


niques, 340-41 


see also Neutron diffraction 


Power production 
from radioisotopes, 474, 
475 
see also Isotopes, in- 
dustrial uses 
Proton-nucleon cross sec- 
tions 
relevant to shielding, 221- 
25 
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see also Strange particles 
Proton polarization 
diffusion of, 185, 186 
by nuclear resonance tech- 
niques, 180, 183, 185- 
87 


see also Nuclear orientation 
Proton synchrotrons 
shielding, 242-46 
see also Shielding 
Pseudoscalar boson with 
T equal to zero, 42, 
oe 
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Radiation 
as chemical reagent 
in organic chemistry, 477 
see also Isotopes, in- 
dustrial uses 
Radiation dosage 
maximum permissible 
limits, 215-16 
for nonoccupational ex- 
posures, 216 
for occupational per- 
sonnel, 216 
nominal tolerance level, 
216-17 
in terms of particle fluxes, 
216-17 
see also Shielding 
Radiation pest control meth- 
ods, 471-74 
see also Isotopes, in- 
dustrial uses 
Radiation from radioisotopes 
industrial uses of, 470-77 
see also Isotopes, in- 
dustrial uses 
Radiation widths 
for gamma-ray emission 
in neutron capture, 272- 
76, 285, 286, 288-90, 
292, 293-97 
see also Neutron capture 
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